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“Remember, always, that everything you know, and everything everyone 
knows, is only a model. Get your model out there where it can be viewed. 
Invite others to challenge your assumptions and add their own.” 
Donella H. Meadows 
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Abstract 
 
The Systems Approach Framework (SAF) is a methodological framework designed to enhance the 
efficacy of human decision-making processes within social-ecological systems with regard to 
sustainability. The SAF attempts to create a balance between General Systems and Soft Systems 
Methodologies by both modelling complex systems and creating a science-policy interface. 
Recognising the importance of the social process is crucial to the success of any management 
framework, thus combining the two methodologies can improve the possibility of sustainable social-
ecological systems. 
 
The Systems Approach Framework was applied in two case studies in the coastal zone of Catalonia, 
in two separate European Commission Framework Programme projects entitled “Science and Policy 
Integration for Coastal System Assessment” (SPICOSA) and “Vectors of Change in Oceans and Seas-
marine Life, Impact on Economic Sectors" (VECTORS). The overall methodological framework applied 
in each case study was originally intended to follow the SAF guidelines as closely as possible, but this 
met with varying degrees of success. 
 
During the SPICOSA application, stakeholders were invited to discuss issues related to ecological 
impacts in the coastal zone of Barcelona, Spain. A common issue of interest to most stakeholders 
was the water quality (harmful bacteria and water clarity) of the local city beaches, particularly 
following combined sewer overflow events, and mitigating this impact by using stormwater 
collectors. Water quality influences the beach users’ decision whether to stay at the beach or to 
leave, thus affecting the revenue received by the bars and restaurants on the beach front. 
 
A model was constructed using the methodology outlined in the SAF to represent this issue, 
including ecologic, economic and social components. The idea of the model is to capture the basic 
functioning of the whole social-ecosystem, so that it can be used as a tool for deliberation between 
the stakeholders. The primary indicators of the model are: water clarity (both qualitative  - 
“Transparent”, “Turbid” and “Very turbid”; and qualitative - suspended solids kg m-3); bacteria 
(faecal coliforms - coliform forming units (cfu) 100 mL-1); revenues of local businesses (Euro per 
year); number of beach users (Individuals per year); and the recreation and aesthetic value of beach 
using the travel cost method (€ per year). The principal management option within the model is to 
increase stormwater collector capacity to reduce untreated waste entering the coastal waters. 
 
xvi 
 
The model output implies that the stormwater collectors have been useful in improving beach water 
quality in Barcelona, but there will be diminished returns in constructing more. The value of the 
beach is clearly large in terms of both non-market value and revenues generated in the nearby bars 
and restaurants. However, the impact changes in water quality would have on the recreational 
appeal of the beach is estimated to be low but further research is recommended to determine beach 
users’ sensitivity to beach closures (bacteria limit exceeded) and turbidity. 
 
At the beginning of the VECTORS project, stakeholders who had participated during the previous SAF 
application expressed a lack of willingness to engage due to a lack of human resources. The scientific 
team therefore chose to continue the application with the aspiration of demonstrating the SAF 
model and results at a later date if the stakeholders found the required resources to engage with the 
process. There is a general perception that jellyfish abundances are increasing along the Catalan 
coast. Local authorities are concerned about the stranding events and arrivals of jellyfish to beaches 
and believe it could reduce the recreational appeal of the beaches.  Previous studies also 
demonstrate the predation of jellyfish (Pelagia noctiluca ephyrae) upon some small pelagic fish 
larvae (Engraulis encrasicolus). Small pelagics are the principal source of revenue for the local 
fisheries. A social-ecological model was created in order to capture the effects of changes in 
abundance of Pelagia noctiluca upon the local fisheries, the tourist industry and the wider economy. 
 
Various future scenarios for different abundances of jellyfish blooms were run. Given the changes 
that these scenarios would cause on the regional gross domestic product and employment, this 
study concludes that the overall impact of either of these scenarios on the economy would not be 
significant at the regional scale. 
 
The greatest limitation of the SAF is convincing the relevant stakeholders and institutions to 
participate in the process. They can be reluctant to do so, partly because they might not perceive 
any benefit in doing so, or because they do not have the necessary time and personnel resources to 
do so. The inclusion of stakeholders in the SAF methodology is rightly fundamental, but in practice, it 
can be extremely difficult to persuade key stakeholders to participate, and this is a flaw in the SAF 
which needs addressing. SAF Application model builders are dependent on stakeholders sharing 
important data or knowledge but this may be withheld for a variety of reasons including, but not 
limited to, lack of resources to participate, disinterest, or concern about how the results will be used. 
 
xvii 
 
The SAF is a well-structured methodology for cases where a mathematical model is both relevant 
and feasible with regards to both knowledge of the functioning of each component of the social-
ecological system and the availability of data, resources, and personnel. The SAF should be 
considered as a useful step-by-step guide for managing coastal zone systems towards sustainability. 
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1 Introduction 
 
1.1 Ecological impacts in the coastal zone 
 
Humans have had an undeniable impact on their environment for millennia. From the time of the 
industrial revolution there has been an exponential increase in population combined with a steady 
increase in resource use per capita in terms of both energy and biomass. There has also been a 
simultaneous increase in the production of anthropogenic pollution which has hindered the 
productive capacity of previously fertile ecosystems and biodiversity. A few of these drivers include 
deforestation, urbanisation, agricultural development such as intensive farming, overfishing, mining, 
freshwater depletion, consumerism, and worldwide transport of goods and people (through 
migration and tourism). Some of the impacts of these drivers include, but is not limited to, species 
extinction, invasive species, eutrophication, desertification, climate change and various forms of 
land, water and air pollution. Indeed, such has been the impact of human activities on their 
environment that many researchers have suggested that the current geographical epoch should be 
given the term “Anthropocene”  (Crutzen 2002, Ehlers and Krafft 2006, Zalasiewicz et al. 2011). 
 
Even though these impacts are acknowledged by the public, scientists and governing authorities 
alike, the frequency and intensity of these impacts are accelerating. The Millennium Ecosystem 
Assessment concludes that over the past 50 years, humans have altered the planet’s ecosystems to 
such an extent never before seen in our history with over 60% of the ecosystem services examined 
being degraded or unsustainably depleted, resulting in substantial and irreversible loss in 
biodiversity (Millennium Ecosystem Assessment 2005a). Other key findings from this report also 
state that the gains in human well-being and economic development have been made at the 
expense of some ecosystem services and could result in non-linear changes in the future, most likely 
exacerbating the problems of those already living in poverty. Any small gains that these vulnerable 
groups might have benefitted from due to increased economic development could be wiped out by 
further degradation to the ecosystems in which they reside and rely upon (Millennium Ecosystem 
Assessment 2005a). 
 
Although many social-ecological systems suffer from these impacts, coastal systems are particularly 
vulnerable to these changes due to a combination of pressures. The coastal zone is here defined as 
the area both within 100km of the coast up to a maximum elevation of 100m. Although there is no 
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universally accepted definition for the “coastal zone”, this same criteria (Small and Nicholls 2003) 
was also adopted by in the Millennium Ecosystem Assessment (Millennium Ecosystem Assessment 
2005b) and by the International Panel for Climate Change (Nicholls et al. 2007).  
 
The ecological importance of coastal systems is reflected in its productivity accounting for more than 
25% of global net primary production and 90-95% of the world’s fisheries landings (Millennium 
Ecosystem Assessment 2005b). Other significant ecosystem services provided include carbonate 
production (80% of global total), denitrification (50% of global total), sedimentary mineralization 
(90% of global total), atmospheric and climate regulation, flood and storm protection, erosion 
control, and cultural, amenity, recreational and aesthetic services (Millennium Ecosystem 
Assessment 2005b). Research by Costanza et al. (1998) estimated the monetary value of the coastal 
zones’ ecosystems services to be 43% of the global total, whilst only covering 8% of the world’s 
surface. 
 
There has been a steady migration towards the coastal zone, where there currently lives 17% of the 
global population on only 5% of the earth’s total land area (Small and Nicholls 2003), creating a 
population density around three times the world’s average (Kay and Alder 2007). This migration has 
resulted in around half of the world’s large cities (>500,000 people) being located within 50 km of 
the coast with a large percentage of their protein intake being reliant on the adjacent coastal 
fisheries (Millennium Ecosystem Assessment 2005a). 
 
However, the majority of these habitats are not (or only partially) protected resulting in depleted 
stocks exacerbated by overfishing, and illegal and destructive practices. Nurseries, vital for fisheries 
production have been impacted due to habitat conversion or degradation as well as biochemical 
changes due to freshwater diversion and harmful algal blooms caused by eutrophic conditions. 
These depleted stocks have caused the increase in aquaculture bringing with it, its own set of 
problems such as the overexploitation of remaining fisheries for fishmeal, and the increase of 
pollution such as excess nutrients and pharmaceuticals such as antibiotics and anti-fouling agents 
(Millennium Ecosystem Assessment 2005b). Increased maritime shipping transportation has also 
exacerbated the occurrence of marine invasive species, sometimes drastically changing the local 
ecosystem functioning and stability (Bax et al. 2003, Gurevitch and Padilla 2004, Molnar et al. 2008). 
  
The increasing coastal population has resulted in the further development of hard coastal 
infrastructures such as urbanisation, ports, harbours, resorts, and erosion protections measures such 
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as groynes, breakwaters and seawalls. Given the historic propensity of humans to construct their 
cities near ecologically productive areas to ease their access to such resources, urban areas have 
begun to encroach on, and irreversibly destroy these habitats. Inland activities have decreased the 
amount of sediment reaching the coastal zone (by about 10%) but increased the amount of nutrients 
(by 100%) and other land pollution, resulting in the most chemically altered ecosystems in the world 
(Millennium Ecosystem Assessment 2005b). Coastal systems are also particularly sensitive to 
impacts of climate change including coastal erosion and flooding caused by rising sea-levels and 
increased severe storms; and changes in ecosystem functioning caused by acidification and rising sea 
temperatures (Wong et al. 2014). A summary of the drivers of these human impacts in the coastal 
ecosystems is shown in Table 1 (Millennium Ecosystem Assessment 2005b). 
 
Although there has long existed local and regional interest in conservation and preservation of the 
natural environment, widespread public acknowledgement of environmental issues only began in 
the mid-twentieth century with publications such as Silent Spring (Carson 1962), The Population 
Bomb (Erlich 1968) and The Limits to Growth (Meadows et al. 1972). This has helped increase 
demand for managing these ecological impacts, either to mitigate or prevent them from occurring. 
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Table 1: Direct and indirect drivers of change in coastal ecosystems (Millennium Ecosystem 
Assessment 2005b) 
 
  
Direct Drivers Indirect Drivers
Habitat Loss or Conversion
Coastal development (ports, urbanization, tourism-
related development, industrial sites)
population growth, poor siting due to undervaluation, poorly developed
industrial policy, tourism demand, environmental refugees and internal
migration
Destructive fisheries (dynamite, cyanide, bottom 
trawling)
shift to market economies, demand for aquaria fish and live food fish,
increasing competition in light of diminishing resources
Coastal deforestation (especially mangrove 
deforestation)
lack of alternative materials, increased competition, poor national policies
Mining (coral, sand, minerals, dredging) lack of alternative materials, global commons perceptions
Civil engineering works transport and energy demands, poor public policy, lack of knowledge about
impacts and their costs
Environmental change brought about by war and 
conflict
increased competition for scarce resources, political instability, inequality in
wealth distribution
Aquaculture-related habitat conversion international demand for luxury items (including new markets), regional
demand for food, demand for fishmeal in aquaculture and agriculture, decline
in wild stocks or decreased access to fisheries (or inability to compete with
larger-scale fisheries)
Habitat Degradation
Eutrophication from land-based sources 
(agricultural waste, sewage, fertilizers)
urbanization, lack of sewage treatment or use of combined storm and sewer
systems, unregulated agricultural development, loss of wetlands and other
natural controls
Pollution: toxics and pathogens from land-based 
sources
lack of awareness, increasing pesticide and fertilizer use (especially as soil
quality diminishes), unregulated industry
Pollution: dumping and dredge spoils lack of alternative disposal methods, increased enforcement and stiffer
penalties for land disposal, belief in unlimited assimilative capacities, waste
as a commodity
Pollution: shipping-related substandard shipping regulations, no investment in safety, policies promoting
flags of convenience, increases in ship-based trade
Salinization of estuaries due to decreased 
freshwater inflow
demand for electricity and water, territorial disputes
Alien species invasions lack of regulations on ballast discharge, increased aquaculture-related
escapes, lack of international agreements on deliberate introductions
Climate change and sea level rise insufficient controls on emissions, poorly planned development (vulnerable
development), stressed ecosystems less able to cope
Overexploitation
Directed take of low-value species at high volumes 
exceeding sustainable levels
population growth, demand for subsistence and market goods (food and
medicinal), industrialization of fisheries, improved fish-finding technology,
poor regional agreements, lack of enforcement, breakdown of traditional
regulation systems, subsidies
Directed take for luxury markets (high value, low 
volume) exceeding sustainable levels
demand for specialty foods and medicines, aquarium fish, and curios; lack of
awareness or concern about impacts; technological advances;
commodification
Incidental take or bycatch subsidies, bycatch has no cost
Directed take at commercial scales decreasing 
availability of resources for subsistence and 
artisanal use
marginalization of local peoples, breakdown of traditional social institutions
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1.2 Managing ecological impacts in the coastal zone 
 
In any decision to exploit the local ecosystem services, there is normally a trade-off between short 
term economic benefits and degradation of other services on that same system. Whilst the benefits 
are often short-term, the costs are often long-term and in some case irreversible (Millennium 
Ecosystem Assessment 2005b). It is often not clear which stakeholders and which ecosystem 
services are involved in this trade-off. Additionally, it is difficult to fully evaluate the value of some of 
these services and over which time period this analysis should be undertaken. This lack of 
information and knowledge can provide decision-makers with a difficult or near-impossible task.  
 
Often the trade-off is related to those who have access to a service or resource and those who will 
benefit from coastal development. Environmental Impact Analyses (EIA) try to take the complete 
value of all services into account when deciding on a proposed project, and help decision-makers in 
this trade-off. However, these studies require costly detailed information which may be lacking or in 
some cases impossible to attain. There is the additional problem of cumulative impacts on an 
ecosystem service. Perhaps the project under assessment might not be so harmful, but the 
combined effects with (past, current or future) developments might cause a synergistic effect in the 
system, causing a greater impact than the sum of the individual projects. A regime shift (Holling and 
Gunderson 2001) can occur in an impacted ecosystem due to an increase in perturbations (e.g. 
excess nutrients causing eutrophication; and fishing stocks unable to recover from overfishing). The 
exact quantity of perturbations or disturbances an ecosystem can absorb before changing regime is 
hard to predict, but once a threshold has been crossed, it is sometimes more difficult to return to 
the original state (Folke et al. 2004, Walker and Meyers 2004). 
 
An additional problem in managing coastal zones is that sometimes the source of the impact is 
upstream or outside from the political jurisdiction of the decision makers: For example: sea level rise 
caused by climate change; and coastal erosion caused by damming of rivers previously supplying 
sediment to the coast. Clearly decision-makers have a difficult task in balancing these trade-offs 
even without considering questions of power, influence, institutional rigidity, illegal activities and 
higher level political decisions. Historically due to the complexity of issues described above, 
responses to ecological impacts have only been implemented after the impact has already occurred; 
meaning management practices have largely been reactive and often only directed towards a single 
threat or disturbance. More recently, there has been a move towards a more “holistic” approach in 
which multiple human activities and impacts are taken into account across a range of sectors. This 
requires a co-ordinated response regarding coastal development, pollution control, and over-
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exploitation of biological resources, using the best available scientific research together with a 
continual discourse with decision-makers, stakeholders and the public. 
 
Management of coastal development has been increasing over the last few decades such that by 
2001, there were a total of 698 coastal management initiatives operating worldwide in 145 nations 
(Sorensen 2002). Management of pollution in coastal areas has had a limited effect due to the 
disperse source of the pollutants (e.g. agricultural runoff). Other actions such as reducing municipal 
waste and urban runoff limiting hydrocarbons and other toxic inputs has had mixed results 
(Millennium Ecosystem Assessment 2005b). Fisheries management has moved towards an 
ecosystem-based approach where the multispecies interactions and trophic chains are taken into 
account in order to analyse the systemic effects of over-exploitation of stocks and habitat loss and 
degradation. Coastal habitats are often central in reproduction of stocks as many species use this 
zone as a nursery, and therefore fisheries are sensitive to changes in coastal conditions. 
 
Initiatives such as the Integrated Coastal Zone Management (ICZM), Water Framework Directive and 
Land-Sea Interactions in the Coastal Zone, have tried to couple coastal and land based activity but 
this requires large scale integrated management practices for the effective management of coastal 
and marine systems. ICZM encourages integration and co-operation across levels of governance, 
from the national and regional to local level. In previous management frameworks, a “top-down” 
approach was generally applied where administrative decisions were taken whilst trying to improve 
sustainability. A “bottom-up” approach is community-based where local stakeholders who perceive 
disturbances to the local environment can call attention to the impact, and begin a consultation with 
decision-makers and other relevant stakeholders. Without strong social, neither a purely top-down 
nor bottom-up approach will be successful capital (OECD 2001, Ostrom and Ahn 2010).  
 
So in summary, there are technological, social and institutional issues involved in the successful 
management of coastal zones. Integrated assessment modelling has been developed to start to 
answer some of these issues. 
 
1.3 Integrated assessment modelling 
 
Given the complexity involved in managing systems towards sustainability, there is a trend towards 
taking into account ecological, social and economic values in the decision making process. This 
“meta-discipline” is often referred to as Integrated Assessment (IA). Although the roots of IA began 
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with global and long-term environmental assessment, more recently it is being applied to other 
scales for a range of environmental problems including water and air quality management, land 
degradation, forest and fisheries management and public health. The key features of IA are diverse 
reflecting the transdisciplinary and multi-sectoral approach which Jakeman and Letcher (2003) 
summarise as: 
 
 A problem-focussed activity, needs driven; and likely project-based 
 An interactive, transparent framework; enhancing communication 
 A process enriched by stakeholder involvement and dedicated to adoption 
 Linking of research to policy 
 Connection of complexities between natural and human environment; recognition of spatial 
dependencies, feedbacks, and impediments 
 An iterative, adaptive approach 
 A focus on key elements 
 Recognition of essential missing knowledge for inclusion 
 Team-shared objectives, norms and values; disciplinary equilibration 
 Science not always new but intellectually challenging 
 Characterisation and reduction of uncertainty in predictions 
(Jakeman and Letcher 2003) 
 
In order to facilitate the approach, models are often employed to gain understanding from the 
system in study and aid in the deliberation processes - known as Integrated Assessment Modelling 
(IAM). Although researchers had been using similar approaches involving integration of ecological 
models with socio-economic systems for some time, IAM was first explicitly conceived when Mitchell 
(1990) described integrating three systems of water management: quality and quantity of surface 
and groundwater; interactions between and land and water; and the socio-economic component 
involved in management decisions of water. Research applying the IAM approach grew in multiple 
fields (Dowlatabadi 1995, Risbey et al. 1996, Rotmans and van Asselt 1996, Rotmans 1998) and 
theory, principles, frameworks and best-practices were established shortly after (Parker et al. 2002, 
Hare and Pahl-Wostl 2002, Jakeman and Letcher 2003, Jakeman et al. 2006, Newham et al. 2007, Liu 
et al. 2008). Despite these advances there is still no clear definition of what “integration” means or 
what needs to be “integrated”. Hamilton et al. (2015) define ten key dimensions of IAM in three 
subsections: 
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 Key drivers of integration 
(1) Issue(s) of concern 
(2) Governance setting 
(3) Stakeholders 
 
 Aspects of system to be integrated 
(4) Human setting 
(5) Natural setting 
(6) Spatial scale 
(7) Temporal scale 
 
 Methodological aspects requiring integration 
(8) Scientific disciplines 
(9) Methods, models, tools and data 
(10) Sources and types of uncertainty 
 
The focus of this thesis is modelling using IA (rather than the IA approach as a whole) so some of the 
key considerations regarding IA models will be presented below. For those that wish to further 
explore the other dimensions of IAM there exists an extensive range of literature discussing the 
theoretical and practical issues (Parker et al. 2002, Jakeman and Letcher 2003, van Kerkhoff 2005, 
Kelly et al. 2013, Strasser et al. 2014, Hamilton et al. 2015). 
 
Integrated Assessment Modelling (IAM) is plural in its approach and does not specify any specific 
type of model. A model can be thought of as a simplification of reality and does not necessarily need 
to be a mathematical or simulation model. Possible types of models used in IA include: Data models; 
Conceptual or Qualitative models (visual or verbal descriptions of processes); Quantitative numeric 
models (formalisations of the qualitative model); Mathematical models (analysis of the quantitative 
model, interpretation of results); and Decision-making models (transformation of interpretive results 
into action) (Parker et al. 2002). 
 
In IAM, simulation models using computer software enable the representation of complexities and 
interactions within the ecological, economic and social components of a system, comparing the costs 
and benefits of various scenarios. However it is important that the model is designed, constructed 
and displayed in an open and transparent process, in which the stakeholders feel comfortable 
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understanding the models results and conclusions as well as its limitations. When presenting a 
model to stakeholders, the results and information which it produces can be displayed using two 
different techniques. Most non-IA models try to optimise a set of variables for multiple objectives in 
order to ascertain the most desirable outcome. However this assumes certainty within the model 
and its predictive capacity, often over-simplifying the complexities within the system. An alternative, 
recommended in IAM, is to provide a set of scenarios which explore the controllable (e.g. 
management decisions) or uncontrollable (e.g. climate forcing) effects of variables within the 
system. This can help those involved in the decision-making process to better understand the 
functioning of the system, as well as the interdependencies and interactions of the processes. This 
approach is more cumbersome as it requires larger input data (for the controllable and 
uncontrollable input variables) and more time to program the software to implement multiple 
scenarios. In practice, most IA models use a combination of optimisation and scenario outputs in 
their approach, depending on the needs and requirements of the stakeholders, and the focus of the 
study. An output from an IAM model should not be presented as an accurate prediction for specific 
indicators within the system, but rather a set of outcomes each described with a degree of 
confidence. Ideally the degree of confidence of each outcome would be stated quantitatively, but in 
reality this is impractical and so are mainly qualitative (Jakeman and Letcher 2003). 
 
When considering which type of IA model to use, there are three main criteria to consider. What is 
the objective of the model? Which types of data are available? And who are the model users? Kelly 
et al. (2013) defined a decision tree (Fig. 1) based on these criteria for deciding the optimal type of 
model. 
 
The objective of the model can broadly be described as one of five categories, although some 
models can have multiple purposes: 
 
 Forecasting - involves predicting the value of a future variable based on historic data without 
using other variables in the system (e.g. rainfall) 
 Prediction - similar to forecasting but with the added knowledge of other variables within the 
system (e.g. eutrophication of lake). Predictive models need to be calibrated and validated 
against historic data. 
 Decision-making under uncertainty models are usually used in management type situations 
where the user wants to be able to make a trade-off between various scenario options. The 
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model needs to be able to make predictions regarding the magnitude and direction of key 
indicators. 
 System understanding models try to include the best available knowledge where there is 
uncertainty in the system and help the user to understand the overall functioning of the system. 
The important aspect of the model is to show the direction of a set of indicators rather than 
their exact value. These models can either be used for research purposes or with stakeholders. 
 Social learning models are similar to system understanding models, but are more focused on the 
interactions between groups or individuals rather than just the overall functioning of the system. 
The objective of both these types of models is not necessarily historical or predictive accuracy. 
 
 
Fig. 1: Decision tree used for choosing appropriate type of model in IAM (Kelly et al. 2013) 
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When constructing a model, there is usually both quantitative and qualitative data available. 
Quantitative data is measurable, recordable information such as a stock or a flow. Qualitative data 
includes the information gained from surveys, interviews and expert opinions. Most models are 
constructed using qualitative data (although there are probably qualitative inputs into the design of 
the model such as expert opinion on what to include or exclude in a model, system boundaries, etc.) 
however some types of model can explicitly include qualitative data (e.g. Knowledge-based models 
and Bayesian networks). 
 
The five types of common models used in IAM as defined by Kelly et al. (2013) are shown in the 
decision tree (Fig. 1). It should be noted that they are not mutually exclusive and an IA model might 
use components of more than one classification. A brief overview of each model type is described 
below. Kelly et al. (2013) provide an additional in-depth analysis of each model type. 
 
 System dynamics (SD) 
 
Jay Forrester developed system dynamics (SD) whilst at MIT Sloan School of Management during 
the 1950s, a methodology and mathematical modelling framework which could be used to 
represent many of the ideas from the fields of Cybernetics (Weiner 1948, 1954) and General 
Systems Theory (GST) (von Bertalanffy 1950, 1968). SD places great emphasis on the importance 
of the structure of the system, feedback loops, delays, accumulations, amplifications and 
endogenous behaviour where the interaction between components in a system can be more 
important than the individual functioning of the components themselves (Forrester 1968). Key 
steps in modelling system dynamics include: define the boundary of the problem; draw causal 
loop diagram identifying main feedback loops (and whether they are positive or negative); 
convert to stock flow diagram; initialise or estimate levels and rates of stocks and flows 
respectively; simulate and analyse model output. Forrester regarded SD to be inherently more 
sophisticated than other forms of mathematical modelling because they omitted the multiple 
feedback loops and therefore could not reproduce the non-linear nature of real systems 
(Ramage and Shipp 2009). Due to the relatively intuitive and transparent structure of SD, it has 
often been used in mediated modelling (van den Belt 2004) and group model building (Vennix 
1996). 
 
Fig. 2 shows a simple example of a causal loop diagram with feedback loops. The next step in 
creating a system dynamics model would be to assign values to the stocks and flows. This same 
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model is shown in the ExtendSim software package in Fig. 4 in Chapter 1.4.1, with the values 
assigned and the model output. 
 
 
Fig. 2: Causal loop diagram of a simple predator-prey ecosystem 
 
This causal loop diagram represents a simple model of an ecosystem with a predator-prey 
relationship between lynxes and hares. It is not an accurate model of any ecosystem in particular 
– it is merely figurative for showing construction of a system dynamics model. Each population 
has a direct effect on the other. The lynx feeds on hares reducing the hare population. However, 
as the hare population decreases, then the lynx starve and their population decreases. Therefore 
the hare population recovers and the cycle begins again. There are two “positive” or reinforcing 
feedback loops representing the birth and population cycle of each species. If these loops were 
not connected to other parts of the model, then both populations would increase exponentially. 
The other two feedback loops in the diagram are “negative” or balancing. These create a 
dampening effect in the model removing the exponential increases caused by the reinforcing 
feedback loops. 
 
 
SD models tend to be spatially aggregated, but occasionally use a limited number of spatial 
compartments, and use discrete time. Each parameter needs to have a real world equivalent 
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and uncertainty is treated by using Monte Carlo simulations for analysis of input and parameter 
errors. SD is often used for system understanding or social learning type objectives. The focus on 
feedback loops helps to capture the overall system functioning rather than accurate prediction 
of system indicators. There are many SD software packages including Stella 
(www.iseesystems.com), Vensim (vensim.com) and ExtendSim (www.extendsim.com). These 
software offer a user-friendly interface overlaying the stock-flow diagrams and mathematical 
equations, enabling non-modellers to easily manipulate the model (e.g. for policy-makers and 
other stakeholders in deliberation or social-learning contexts). Examples of SD being used in IAM 
contexts include coastal zone management (Chang et al. 2008), water resource management 
(Kuper et al. 2003, Fernández and Selma 2004, Qin et al. 2011), urban development (Lauf et al. 
2012) and soil erosion and nutrient pollution (Yeh et al. 2006). 
 
 Bayesian networks (BN) 
 
BN are networks in which nodes are connected via probabilities rather than deterministic values. 
Nodes are connected by directional arrows which represent the causal flow of the system. 
Unconnected nodes are considered to be conditionally independent of each other. Each node is 
assigned a conditional probability distribution and receives an input from the parent’s node. BN 
are directed and acyclic so cannot model feedback loops. BN can incorporate both quantitative 
and qualitative data so are useful when there is a lack of observed measurable data but where 
there exists expert opinion. Most BN models are neither spatial nor temporally explicit. For 
these reasons, BN are useful in decision-making contexts when there is uncertainty. Outputs can 
be presented as a probability for a set of input parameters. The direct cause-effect relationship 
is easy to understand and so is accessible for decision-makers and other stakeholders, both in 
designing and running the model. There exist many BN software packages available including 
Netica (www.norsys.com), Analytica (www.lumina.com), HUGIN (www.hugin.com), and 
BayesiaLab (www.bayesia.com). Examples of BN being used in IAM contexts include fisheries 
management (Kuikka et al. 1999, Pollino et al. 2007, Levontin et al. 2011), water resources 
management (Molina et al. 2010), management of estuaries and coastal lakes (Borsuk et al. 
2004, Ticehurst et al. 2007) and aquifer planning (Martín de Santa Olalla et al. 2007). 
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 Agent-based models (ABM) 
 
ABMs use computational simulation in which the interactions of autonomous agents 
(individuals, groups of individuals, or biophysical aggregations such as water) are modelled in 
order to analyse the effects on the whole system. Agents’ behaviour is governed by a set of rules 
depending on both their environment and other agents’ actions. The set of rules can be updated 
during the simulation, representing a type of learning behaviour. ABMs often produce emergent 
behaviour due to these interactions, some of which can be counter-intuitive to initial 
expectations. ABMs are often used in social learning, experimentation and management support 
contexts as they are useful for creating a communal understanding of the system in question. 
They are often spatially and temporally explicit. Depending on the number of agents and rule 
sets, ABMs can have many parameters and require considerable computational resources for 
calculation. There exist various ABM software packages such as Cormas (cormas.cirad.fr), 
NetLogo (ccl.northwestern.edu/netlogo) and Repast (repast.sourceforge.net) and have been 
used in IAM contexts such as land use (Filatova et al. 2011, Le et al. 2012), conservation 
management (Mathevet et al. 2003, Parrott et al. 2011) and agricultural management 
(Schreinemachers and Berger 2011). 
 
 Knowledge-based models (KBM) 
 
KBMs contain a database of knowledge in explicit declarative form. A set of logic inferences are 
introduced such that the model produces a set of conclusions based on connected deductions. 
KBMs are able to incorporate both qualitative and quantitative data, and are often based on 
expert opinion. KBMs are not normally temporal or spatially explicit and most often used in 
management and decision-making contexts. Examples of using KBMS in IAM include monitoring 
environmental effects of mining (Booty et al. 2009), water quality (Dai et al. 2004, Vellido et al. 
2007), watershed management (Lam et al. 2004) and eutrophication (Marsili-Libelli 2004). 
 
 Coupled component models (CCM) 
 
CCMs combine components of models from different disciplines to create a hybrid model. This 
normally includes ecological, economic and social components creating an integrated model. 
CCMs can incorporate components from SD, BN, ABMs and KBMs as well as any other type of 
model. There is often difficulty in combining these components and the connection is often 
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weak depending on the original design of the component sub-model. The nodes of a CCM often 
tend to represent a sub-model and the connections between the nodes represent the link 
between them - which is often a single variable. They are spatial and temporally flexible due to 
the ability to incorporate any type of model. However, if one of the components is spatially or 
temporally restricted, then that component of the CCM will necessarily reflect the same 
limitation. CCMs tend to require large sets of qualitatively data, and require considerable testing 
due to their complexity. There are two ways to construct a CCM: The model can be constructed 
be connecting the original components in an ad hoc manner. This is generally easier and requires 
less investment in time and resources reprogramming or rebuilding the components. However 
this means the CCM will not have a user-friendly interface like those in SD, BN or ABM, which 
limits its use in group model building contexts or social learning. The alternative is to rebuild the 
components from the beginning which obviously requires considerable time and resources but 
has the advantage of being able to adapt any sub-models specifically for the CCM. This second 
option is also more useful with using with decision makers or in stakeholder deliberation, as the 
model functioning will be more transparent and understandable. Due to their flexibility, CCMs 
have been used extensively in IAM including water management (Letcher et al. 2006, Matthies 
et al. 2006, Schlüter and Rüger 2007), land use (Fischer and Sun 2001, Münier et al. 2004), 
catchment management (Voinov et al. 1999, Van Delden et al. 2007), and climate change 
(Rivington et al. 2007). 
 
The Systems Approach Framework is step-by-step methodological framework designed for coastal 
zone systems which includes many of the principals of IAM. 
 
1.4 The Systems Approach Framework 
 
The Systems Approach Framework (SAF) was a methodological framework developed and tested 
during the four-year FP6 European Union project “Science and Policy Integration for Coastal System 
Assessment” (SPICOSA 2011) from 2007-2011. 
 
“The objective was that it would be a self-evolving, holistic research approach for the integrated 
assessment of complex systems so that the best available scientific knowledge could be mobilized in 
support of deliberative and decision-making processes aimed at improving the sustainability of 
Coastal Zone Systems (CZS)” 
(Hopkins et al. 2011) 
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SPICOSA involved 54 institutional partners from 21 countries across multiple scientific disciplines, 
costing around €14.3 million. The SAF was applied across 18 study sites, involving the participation 
of research institutes, universities, private enterprises, as well as local coastal zone stakeholders 
spanning a broad political spectrum from regional governance institutions to local organisations and 
individuals. The SPICOSA project produced a website where further details regarding the project can 
be found including models produced by the study sites as well as a model building block library, and 
an online data portal (www.spicosa.eu). The SAF methodology is available in an online handbook 
(www.coastal-saf.eu) and includes a comprehensive step-by-step guide to apply the SAF, with 
examples, supporting information, glossary and additional resources. A textbook was also produced 
by seven senior natural and social-science researchers from the SPICOSA project, drawing on insights 
made following the application, testing and review of the Systems Approach Framework in the study 
sites (Bailly et al. 2011).  
 
The SAF views coastal zones as complex adaptive systems which are typically stressed and far from 
equilibrium (Hopkins et al. 2011). It is not sufficient for scientists to simply record the changes in 
natural systems, providing indicators and policy recommendations. Scientists have to apply soft 
systems thinking, working together with stakeholders and policy makers in order to improve the 
possibility of sustainability within social-ecological systems (Hopkins and Bailly 2013). The standard 
scientific method of investigation is object-oriented, typically analysing the stocks and flows of mass 
and energy, accumulating large quantities of data and knowledge but is necessarily reductionist in its 
approach. Human systems require an issue-oriented investigation from a holistic perspective 
(Hopkins et al. 2011). The success of a social process requires dissemination of ideas from all 
stakeholders, inclusion of multiple viewpoints, deliberation, and joint decisions. Checkland (1981) 
views the investigation of social and natural sciences to be fundamentally different and the 
application of hard systems science to the social world would not be successful. 
 
 “… the social and natural sciences cannot be regarded as similar enterprises using, or seeking to use 
a common method. Rather … the investigation of social reality is fundamentally different from the 
investigation of the natural world” 
(Checkland 1981) p246 
 
The SAF attempts to create a balance between General Systems Theory (von Bertalanffy 1968) and 
Soft Systems Methodologies (Checkland and Scholes 1990), by both modelling complex systems and 
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creating a science-policy interface. Recognising the importance of the social process is crucial to the 
success of any management framework, thus combining the two methodologies can improve the 
possibility of sustainable social-ecological systems (Hopkins et al. 2011). The science-policy interface 
is often imagined as a direct, lineal connection where scientists present their research and findings 
to the policy makers who then base their policy decision on this knowledge. This is increasingly been 
seen as simplistic and unrealistic for a number of reasons. Scientists do not have access to 
“complete” knowledge, as their conclusions are based on a number of theoretical perspectives and 
worldviews, often fragmented into various disciplines. Additionally, there is no guarantee that policy 
makers will adhere to the scientists’ recommendations due to political and institutional pressure. For 
a management framework such as the SAF to be successful, scientists should therefore accept the 
weaknesses in their recommendations and engage with stakeholders and policy makers to 
effectively communicate both their recommendations and the limits of their knowledge. By engaging 
with stakeholders and policy makers, scientists can attain further knowledge and incorporate them 
into their research. Stakeholders can attain further confidence in both the scientists’ 
recommendations as well as the perspectives of the other stakeholders during this process as well. 
 
The SAF was designed to be an open methodological framework incorporating systems thinking and 
existing methodologies such as ICZM. The methodological guidelines for the SAF were divided into a 
five step iterative process as detailed below. However, in concurrence with “systems thinking”, the 
SAF cannot be understood by merely reducing it to a rigid set of rules (Hopkins et al. 2011). The SAF 
is comprised of characteristics which should be understood in order to ascertain the intention and 
thinking of a SAF application as described in Hopkins et al. (2011): 
 
 A SAF application is question driven. An observed impact in the study zone with possible future 
scenario options are selected and evaluated. During the SPICOSA project, the scientific 
researchers involved in the SAF application (referred to from here as the “scientific team”) 
selected the question or issue to be studied together with the stakeholders. In future 
applications, individual stakeholders could propose an issue to be studied and the scientific team 
would join the application along with other stakeholders not involved in the original proposal. 
 A SAF application is holistic. The stakeholders and scientific team should recognise that the issue 
selected for study, affects and is affected by interactions at both higher and lower scales. 
Obviously not all interactions can be included in the model, so the scientific team must be 
careful to include those interactions which are the most influential in determining the 
functioning of a system. 
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 A SAF application is hierarchical. The simulation model should be constructed in a way which 
captures the important interactions at each scale. During deliberation sessions, the stakeholder 
should be presented with a model that initially demonstrates the higher scale interactions of the 
issue being studied. If the stakeholder chooses to, they can investigate the lower scale 
interactions by “opening” sub-models to further understand the process involved in each. The 
software ExtendSim (Chapter 1.4.1) has the ability to create models in such a format and was 
therefore selected for use during the SPICOSA project. 
 A SAF application is iterative. Once an issue has been selected, the scientific team will construct 
a model which represents the relevant parts of the social-ecological system. The scientific team 
should discuss the model and the possible scenario options with the stakeholders during this 
process to ensure that the model includes the key interactions and policy options – analysing, 
evaluating, and refining the model until it is ready to be presented to the stakeholders for 
deliberation. Following deliberation, a policy option may be chosen by the stakeholders 
(although the policy option could be “business as usual”, i.e. no change). Those involved in the 
SAF application continue to monitor the impact within the study zone, making any necessary 
adjustments to the model and presenting the new model results to the stakeholders. Similarly it 
might be necessary to expand or reduce the initial issue selected by the stakeholders as more 
knowledge is gained during the process. 
 A SAF application is system dependent. A simulation model created during the process is specific 
and applicable only to that social-ecological system, and would therefore not be applicable 
anywhere else. However, certain sub-models or components could be used in other study sites 
for a similar issue, although certain parameters would need to be adjusted. Again, ExtendSim 
was chosen as the software for the SPICOSA project due to the ability to create sub-models or 
blocks which can easily be transferred to other models. 
 A SAF application emphasizes the importance of information flow. As well as modelling the flow 
of mass and energy, a SAF model should try to include the flow of information. 
 A SAF application is communicable. Given that the model (or at least the model results) ideally 
would be used by stakeholders during a deliberation process to decide on a future policy option, 
the model has to be clear and understandable.  
 The SAF is an operational tool. The SAF methodology was designed to be flexible, open and self-
evolving, so that it can be used in conjunction with other management frameworks and research 
tools. Additionally it can be used to highlight knowledge gaps, in education and training, 
monitoring the status of a system, and changes in public perception. 
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 A SAF application uses simulation software. Although the SAF methodology does not specify any 
particular software, it should be able to fulfil the characteristics mentioned above, to produce a 
hierarchical modular model which is user friendly and communicable. The software chosen by 
the SPICOSA co-ordinators was ExtendSim and is further described in Chapter 1.4.1. 
 A SAF application constructs a virtual system. It should be reiterated again that the SAF 
methodology does not necessarily intend to create models that accurately model all 
components of a system. Given that there will be gaps in both knowledge and data; the SAF 
acknowledges that all models will be an abstraction of the real system. The objective of the SAF 
is to identify and include the most important interactions that most strongly influence the 
overall functioning of the system, and those which are most relevant to the chosen issue. As 
further data and knowledge becomes available, the iterative nature of the methodology means 
that they can be included in the future. Similarly, the flexibility of the virtual system means that 
system boundaries can be extended or reduced depending on the change in focus and resolution 
required for the chosen issue. 
 
During the SPICOSA project a SAF handbook was created to aid researchers in applying the SAF to 
their study zone. This five step iterative process is available online (www.coastal-saf.eu) and includes 
examples of how to carry out each step and example models created during the SPICOSA project. 
Further information regarding this process is described in Hopkins et al. (2011) and Bailly et al. 
(2011). A brief outline of the SAF handbook is presented below as it is too detailed to include the 
complete description here. The two applications of the SAF presented in this thesis are described in 
the same five steps as the handbook as shown in Fig. 3 (Issue Identification; System Design; System 
Formulation; System Appraisal; and System Output). The first and final steps are holistic in their 
approach whereas the middle three steps are necessarily reductionist. It can be seen that the 
structure of these five steps is iterative, both during the construction of the simulation model 
(System Design, System Formulation and System Appraisal), and the process as a whole. Once a 
model and their results have been used during stakeholder deliberation (System Output) a policy 
decision might be taken which could affect the system in question. This might lead to changes in the 
system such that the original SAF model needs to be adjusted or possibly that an additional SAF 
application might be necessary. This is indicated in Fig. 3 as the Science-Policy Interface (SPI). 
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Fig. 3: The five steps of a SAF application (www.coastal-saf.eu) 
 
 
 
 Issue Identification  
 
A SAF application may be started by scientists, policy makers, environmental managers, regional 
planners or other stakeholders who have identified an environmental problem which is being 
impacted upon by a human activity. A scientific team should be formed consisting of researchers 
with knowledge of the ecological, economics and social aspects of the issue. This makes a SAF 
application a multidisciplinary approach where knowledge must be shared. Ideally, through a 
shared understanding of the issues this would create an interdisciplinary scientific team. This is 
challenging given the knowledge, technical language and worldview of researchers from their 
various disciplines. The scientific team may be expanded or reduced during the SAF application 
depending on the chosen issue.  
 
Once a scientific team has been formed, an initial study should be undertaken to understand the 
relevant ecological, economic and social aspects of the system as well as understanding the SAF 
methodology in general. A list of human activities and stakeholders in the study zone impacted 
by the issue or problem should be made. Not all of these activities need necessarily by used in 
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creating the simulation model. An institutional map should also be created to understand the 
governance structure related to the issue and human activities. Although the issue may be 
already clearly defined, it could also be a vague problem or perturbation in the system. 
 
From here, the relevant stakeholders and scientists should meet to discuss the issue, identifying 
and agreeing on the dysfunction in the social-ecological system as well as the ecological, 
economic and social indicators; the policy/management options; and potential future scenarios 
to investigate. This is potentially one of the most difficult steps to implement due to the possible 
reluctance of some stakeholders to participate in this initial dialogue. During this initial meeting 
additional relevant stakeholders might be identified who should be invited to participate in the 
process in the future. 
 
 System Design 
 
This step begins the process in which the real system is reduced to a conceptual model and 
eventually a mathematical simulation model. This step can be undertaken alone by the scientific 
team or together with the stakeholder group. It is likely that this step is carried out just by the 
scientific team due to its technical content, but the conceptual model should be presented to 
and agreed upon by the stakeholder group before proceeding to the next step. The stakeholders 
understanding of the functioning of the socio-economic system is likely to be diverse and a 
consensus should be sought. Knowledge and data gaps in the proposed virtual system will 
become apparent and steps should be undertaken to overcome this, either by searching for 
more data or relevant substitutes or proxies and by using expert opinion. 
 
The key cause and effect chains of human activities and ecological interactions are identified, 
and virtual system boundaries are created taking into account the model output indicators and 
scenarios and management options decided upon during Issue Identification. Risks and hazards 
should also be identified and decided whether they should be included within the virtual system 
boundaries or as an external forcing. This information should be formalised into a conceptual 
model demonstrating the links between models, sub-models and components. Various 
conceptual models could be made highlighting the differing scales, or understanding of the real 
system. The conceptual model needs to capture the behaviour of the real system, particularly 
the emergent properties and non-linear behaviour caused by feedback loops. However, the 
model cannot be overly complex, so that construction and simulation are feasible. Various parts 
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of the conceptual model will likely need to be scaled either up or down: including or removing 
components and variables; adjusting boundaries; and increasing or decreasing temporal and 
spatial resolution and dimensions. The time-step of the simulation model should also be decided 
upon and will depend on the issue chosen and interactions within and between the model 
components.  
 
Construction of the conceptual model is likely to bring greater understanding of the real system 
to both the scientific team and the stakeholders, due to the interdisciplinary nature of the 
model. A simple example of how to create conceptual model according to the SAF methodology 
is shown in Appendix I. 
 
 System Formulation 
 
Once the conceptual model has been designed, the process of collecting the relevant data and 
sub-model components begin. Firstly, the modeller must identify the useful inputs and variables 
and assess whether the data exists, and the format and resolution of the data. Data is often 
difficult to collect (due to intellectual property rights) and will need to be analysed, cleaned, 
converted and reformatted for the model in question. Variables must be identified for testing 
and calibrating the model. These can be state variables, fluxes or indicators. Sometimes there 
might be more than one relevant data set that can used, so decisions must be taken as to which 
are more relevant for the model. The reliability and accuracy of the data should also be taken 
into account, as this will influence the reliability of the model output. If the data is unavailable 
and the scientific team cannot collect the data, then substitutes, proxies or an expert opinion 
“best guess” should be used. Alternatively, this lack of data may force the redesigning or 
rescaling of the conceptual model. 
 
Using the conceptual model created in System Design, the various components and sub-models 
are constructed mathematically in the simulation software, carefully checking the correct use of 
dimensions and units - this can be particularly problematic when connecting separate 
components or sub-models. For complex sub-models and where relevant, a literature review of 
each type of sub-model should be undertaken so that the modeller is aware of the various 
methods and techniques available. Each sub-model should be tested separately with dummy 
input data to ensure correct functioning. Ideally sub-models and components should be 
constructed in such a way that each can be unconnected and replaced with an upgraded and 
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validated sub-model in the future. This ensures that if a sub-model is using simplified 
mathematical equations due to lack of data or knowledge of functioning, then in the future if 
this data or knowledge becomes available, it is easy to upgrade the model. Depending on the 
capabilities of the software and if the sub-model uses numerical integration techniques, various 
time-steps, time-per-steps, and integration algorithms should be tested to ensure its correct 
functioning. 
 
Although the SAF handbook does not specify the type of model to be used, during the SPICOSA 
project there were recommendations to use system dynamics (Chapter 1.3) with the possibility 
of connecting to pre-existing sub-models. This recommendation influenced the sub-models built 
during the SPICOSA SAF application (Chapter 2). 
 
 System Appraisal 
 
Real data (as opposed to dummy data) is then introduced to the sub-models and its output 
compared against observed data. In certain cases, the sub-model will have to be calibrated 
where there are unknown parameter values. A sensitivity analysis should also be undertaken to 
see how the sub-model responds to changes in parameter values. Once the modeller is satisfied 
with the individual functioning of each sub-model, they should then be linked together to test 
the system model as a whole.  
 
Once the complete system model has been constructed, the model should be run again with real 
data and the model output compared against observed data – known as a hindcast. Sensitivity 
analyses should be run for key parameters and variables. This is particularly important when 
there are feedback loops and/or time scale differences between sub-models.  Once it has been 
determined that the model is stable and functions as required, and the hindcast produces results 
similar to observed data values, the various scenario and policy/management options chosen 
during Issue Identification can be run and the output recorded.  
 
The System Design, System Formulation and System Appraisal steps are an iterative process in 
which adjustments are made to parameters and the sub-model is reformulated until the model 
output is determined to be sufficiently similar to observed data values. Although these three 
steps are presented here as separate steps to be carried out in order, in reality the process is 
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likely to be much more organic with all three steps being undertaken concurrently for the 
various sub-models of the system model. 
 
During the final phase of System Appraisal, the scientific team should contact the stakeholders 
and ask how they prefer to view the model and results under the various scenarios and 
policy/management options. Some stakeholders might prefer to run the model themselves and 
others might prefer just to see the model output. 
 
 System Output 
 
The objective of System Output is to present the simulation model and its results to the 
stakeholder group and used in a deliberation process in which a policy or management decision 
might be taken. It is important for the scientific team to clearly explain the model and 
interpretations of the results as well as any weaknesses or limitations in the model. Technical 
jargon should be avoided as the stakeholder group is likely to be from a broad spectrum of 
professions, many of whom will not be used to scientific language. Comparisons of the various 
model scenarios should be shown to make it clear what the distinction is between each option, 
identifying costs and benefits of each, and the time scales involved. It might be useful to prepare 
a written document summarising the points made during the presentation. The complete model 
with input data and results should be made available to the stakeholder group to ensure 
transparency. 
 
Following the presentation, a deliberation process could be undertaken with an impartial 
moderator, in which the stakeholders discuss the model, the scenarios options and the model 
results. Various techniques can be helpful in this deliberation process such as using the KerDST 
software (dst.kerbabel.net) or simply using KerDST on paper, although a skilled facilitator would 
still be necessary for this. 
 
A list of the policy issues selected by the 18 study sites involved in the SPICOSA project is shown in 
Appendix II. Further details regarding each study site are available in the special feature “A Systems 
Approach for Sustainable Development in Coastal Zones” in the journal Ecology and Society (Hopkins 
et al. 2011, 2012). 
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1.4.1 ExtendSim 
 
ExtendSim (www.extendsim.com) was chosen by the SPICOSA project co-ordinators as the software 
to be used during construction of the SAF model simulations. ExtendSim has been used for 
modelling in various fields using a variety of modelling techniques including aeronautics, agent-
based models, agriculture, architectural modelling, Bayesian networks, biofuel, communications, 
environmental modelling, manufacturing, healthcare, logistics, military, passenger flow, and 
queueing systems (www.extendsim.com/sols_papers.html). 
 
 ExtendSim is commercially available software, although a free demo version is available in which 
previously constructed models can be run. This ensures that stakeholders can run any models and 
compare scenario outputs created during the SAF application even when they do not have access to 
the paid version of the software. ExtendSim models can be either continuous (as used in the SAF), 
discrete event or discrete rate. In continuous models, the time-step is fixed and advances in equal 
increments.  
 
ExtendSim models are built using a library of blocks which can be dragged and dropped on the 
model worksheet. Each block represents a calculation or a step in a process. These blocks are then 
connected together creating an intuitive and logical view of the model. This means that constructing 
a model does not necessarily require programming in code. However if the modeller requires a block 
that does not exist in the ExtendSim library, then a new block can be created using the in-built 
proprietary coding language called ModL which is based on the programming language C. This ability 
creates flexibility and enables non-programmers to be able to use the software for most types of 
model, with the assurance that any type of block can be built if necessary. 
 
A group of blocks can be combined together to create a new block creating a hierarchical model. 
Opening a combined block, the user can see the original blocks used. This hierarchical, modular 
capability is required for creating a SAF model as described in Chapter 1.4. However, a constraint of 
the software is that space can only be represented in a virtual sense with low resolution, so that box 
models must be used to represent spatial disaggregation (e.g. an estuary is represented in 
segments). It might in theory be possible to create thousands of blocks to increase the spatial 
resolution but the software would run very slowly. One of the requirements of the SAF is that the 
model must run quick enough (maximum of a few minutes) so that stakeholders do not become 
inattentive waiting for the model to produce its output results. 
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ExtendSim can connect to external software such as Excel, databases (via Open DataBase 
Connectivity), has ActiveX embedded and works with Dynamic Link Library. This can be useful during 
a SAF application if the model needs to connect to an external model or database. Within the 
software there is an evolutionary optimizer which is can be run when trying to calibrate the model 
with unknown parameters. 
 
A screenshot of the ExtendSim software and an example predator-prey model is shown in Fig. 4. 
(This model is supplied as an example within the software). It is the same model as that shown in the 
causal loop diagram (Fig. 2) described in the system dynamics section in Chapter 1.3. On the right 
hand side of the screenshot, there is a window which contains the library blocks. These can be 
dragged and dropped on the worksheet on the left hand side. Once the blocks have been connected, 
parameters entered, and simulation settings defined (e.g time-step, length of simulation), the model 
can be run. The window in the centre of the screen will then appear and show the model output – in 
this case it is the population of the lynxes (predator) and hares (prey). 
 
Fig. 4: Example ExtendSim predator-prey model (www.extendsim.com) 
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1.5 Structure and objective of thesis 
 
The Systems Approach Framework was applied in two case studies in two separate European 
Commission Framework Programme projects entitled “Science and Policy Integration for Coastal 
System Assessment” (SPICOSA) and “Vectors of Change in Oceans and Seas-marine Life, Impact on 
Economic Sectors" (VECTORS). Each project and SAF application is described in detail in Chapters 2 
and 3 respectively. The overall methodological framework applied in each case study was originally 
intended to follow the SAF as closely as possible, but this met with varying degrees of success. The 
exact method for each case study (identification of issue, construction of conceptual and 
mathematical models) is specific to each case study and therefore included in the relevant chapters. 
Each SAF application is documented using the five step framework as described in Chapter 1.4. 
Therefore for each SAF application the hypothesis is included in the Issue Identification step 
(Chapter 2.2 for the SPICOSA project application and Chapter 3.2 for the VECTORS project 
application); the method is documented in the System Design and System Formulation steps 
(Chapters 2.3 and 2.4 for SPICOSA and Chapters 3.3 and 3.4 for VECTORS); and the validation and 
results of the model are recorded in the System Appraisal and System Output steps (Chapters 2.5 
and 2.6 for SPICOSA and Chapters 3.5 and 3.6 for VECTORS). For each SAF application there are 
conclusions and discussions for both the model and the SAF application as a whole (Chapter 2.7 for 
SPICOSA and Chapter 3.7 for VECTORS) - a SAF application is not only the construction of a model 
but also includes the process of stakeholder participation and deliberation. Finally a comparison is 
made of the two SAF applications in Chapter 4 discussing the similarities and differences, which 
parts of the SAF worked well in each case study and which did not, and some recommendations for 
the future. 
 
The application of the SAF necessarily requires a multidisciplinary scientific team. It is unlikely that 
just one person would be able to carry out a SAF application by themselves. My role in each case 
study was that of a modeller which involved: participating in the scientific team meetings; consulting 
with experts in each field; designing the conceptual model together with experts; constructing, 
testing and validating the mathematical simulation model; running sensitivity and scenario analyses; 
and documenting the interpretive analysis of the model results. Although I was involved during 
stakeholder analysis and stakeholder meetings, this was not my primary role. Therefore during this 
thesis, I describe and analyse the parts of the modelling aspect of the SAF in greater detail than 
those aspects where I only partially contributed.  
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The objective of this thesis is therefore twofold. Primarily, the objective is to apply the methodology 
of the SAF in two separate case studies and analyse the modelling aspect of each. In each case study, 
the model, results and conclusions are compared with similar research already undertaken. A 
secondary objective is to compare and contrast these case studies, given that the same methodology 
was applied in approximately the same geographical location (although at different scales) where 
many of the institutional stakeholders share the same responsibilities. The hypothesis of this thesis 
is that the SAF is a useful methodological framework for improving sustainability in coastal zone 
systems, enhancing social capital between stakeholders as well as creating a common modelling 
structure that can be used in IAM. Following this, there is a discussion regarding the SAF 
methodology as a whole due to the participation of stakeholders in defining issues, scenarios and 
management options but it is not the central objective of this thesis. An analysis of the SAF 
methodology was already undertaken during the SPICOSA project across 18 study site locations and 
is fully documented as part of a special feature in the journal Ecology and Society (“A Systems 
Approach for Sustainable Development in Coastal Zones”) (Hopkins et al. 2012). 
 
Included in Appendix XIII are two peer-reviewed papers, of which I am the lead author, relevant to 
this thesis. One has been published in the journal Ecology and Society (Tomlinson et al. 2011) and 
the other has been accepted by Estuarine, Coastal and Shelf Science. 
 
 
1.6 Description of study zone 
 
The SAF was applied in two case studies during two projects (SPICOSA and VECTORS) in the Spanish 
autonomous community of Catalonia. The SAF was applied during the SPICOSA project at the local 
scale – Barcelona (the principal city of Catalonia), and at the regional scale (Catalonia) during the 
VECTORS project. A brief introduction to the region and city is presented here although further 
relevant details are presented in each case study accordingly. 
 
1.6.1 The Catalan coastal zone 
 
The autonomous community of Catalonia situated in north-east Spain, in the north-western 
Mediterranean – between 40° 45’ N to 42° 25’ N latitude and 0° 45’ E to 3° 15’ E longitude (Fig. 5). 
The climate is typically Mediterranean with hot, dry summers and cool winters. The mean annual 
temperature range is 9-24 °C, with irregular precipitation throughout the year (500-700 mm) 
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although spring and autumn tend to be wettest (Flo et al. 2011). In general winds tend to be south-
westerly, but during winter, winds predominately come from the North and North-west, especially in 
the north and south of Catalonia (Bolaños et al. 2009). 
  
 
Fig. 5: Map of Catalonia indicating principal rivers and urban areas (>10,000 population) 
 
 
 
The Catalan coastline is approximately 700 km long (IDESCAT 2010). The maximum tidal range is low 
- around 25 cm, with an average value of 16 cm (Cacchione et al. 1990). The geomorphological 
diversity is considerable. The average width of the continental shelf is 15-20 km (López 1995), 
reaching a maximum of greater than 60 km near both the Ebro delta in the south and the Gulf of 
Lions in the north (Palomera et al. 2007), and a minimum of 1.6 km near various underwater 
canyons (Flo et al. 2011). The predominant current is south-westerly along the continental shelf (the 
Liguro-Provençal current), which also delineates the less saline inshore waters from the open sea 
(Salat and Font 1987, Font et al. 1988).  
 
The coastal waters are generally oligotrophic (Estrada 1996), with surface waters receiving nutrients 
through vertical mixing, local upwelling and terrestrial discharges. Vertical mixing occurs most 
frequently in winter during storms and wind mixing. During the rest of the year a strong thermocline 
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forms limiting vertical mixing. In spring and summer, nutrients arrive from increased river flow and 
episodic rain storms (Palomera et al. 2007). 
 
The principal river along the Catalan coast is the Ebro River which discharges an average 416 m3/s 
from a catchment basin of 84 230 km2 (Ludwig et al. 2009). Nine other medium-to-small rivers have 
a mean water discharge of 0.3-16.3 m3/s draining an area of 13 400 km2 (Liquete et al. 2009). Within 
these river basins, the predominant land use is agricultural and forestal (up to 57% for each), 
although urban areas are also significant (up to 20%) (Flo et al. 2011).  
 
Catalonia has a population of around 7.5 million with 44% living in the coastal zone (IDESCAT 2010). 
The population density varies considerable along the coast with 33 inhabitants/km2 in the Ebro delta 
to 1,425 inhabitants/km2 in the metropolitan area of Barcelona (IDESCAT 2010). The Gross Regional 
Domestic Product (GRDP) per capita of Catalonia was around €27,000 in 2014 (approximately 
€200,000 million for total GRDP), above the EU 28 average of around €25,000 (IDESCAT 2010, 
EUROSTAT 2014). The tertiary sector is the most dominant, accounting for around 60% of GRDP, 
with smaller secondary (37%) and primary (3%) sectors (IDESCAT 2010). The contribution of the 
tourism sector is significant, accounting for 9-11% of GRDP and around 17.7 million visitors per year 
(IDESCAT 2010). Much of this tourism is related to the “sun and sand” model, where a high 
importance is placed on the quality of climate and beaches (Sardá et al. 2005, 2009). 
 
Catalonia is divided into four provinces (Barcelona, Girona, Lleida and Tarragona), which are further 
subdivided into comarcas and municipalities. The coastal zone is governed at the national (Spain), 
regional (Catalonia) and local (municipalities) scale. The principal legal responsibilities for beach and 
coastal management were enacted at the national level with The Shores Act 22/88, which ensures 
beach water and shoreline quality, regulates resources use, and ensures proper public use. The law 
defines the legal requirements of the Maritime Terrestrial Public Domain as a public good formed by 
the territorial sea, coastal waters, the natural resources within the exclusive economic zone and the 
continental shelf as well as the beaches and coastline up to 100 m inland. The Shores Act 22/88 
describes the central government’s role in: supervising studies and projects in the coastal zone; 
authorising wastewater discharges into the coastal water; beach nourishment; regulating human 
safety in bathing areas; and maritime rescue. 
 
The regional administration is responsible for management of the coastal area including land use 
and protection of natural communities, as well as assessing water and sand quality. The local 
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administration is responsible for running seasonal facilities, and maintaining the beaches clean and 
free of waste. Coastal and beach-use plans presented by local municipalities have to be accepted by 
the national and regional administration before being carried out. The Shores Act 22/88, despite 
establishing rules and governance responsibilities, does not provide details of funding for the 
management and enforcement of the law, nor does it enforce integrated approaches such as ICZM. 
 
1.6.2 Barcelona 
 
Barcelona is the capital of Catalonia, one of the most populated autonomous communities in Spain. 
There are more than 1.5 million inhabitants in the city itself, but almost 5 million people live in the 
area directly influenced by the city. The economy is focused largely on the service sector. The large 
metropolitan city of Barcelona is situated in the northeast of the Iberian Peninsula and is set 
between four geographical limits: the Mediterranean Sea to the east, the Serra de Collserola 
mountain range to the west, the River Besòs to the north, and the River Llobregat to the south. 
 
Maritime trade has been always important to the city, so the necessity of having a safe harbour has 
been one of the most pressing forces in changing the littoral profile of the city. Barcelona’s coastline 
can be considered altered or artificial since the beginning of the 15th century when the first 
transformations were made to enhance the protection of trade ships. The construction of dykes and 
breakwaters led to corresponding changes in sedimentary flows and the reclamation of almost 400 
m of land from the sea. However, throughout the following centuries, the city has modified its 
relationship with the sea, and different ecosystem services have been prioritized. 
 
The Olympic Games in 1992 and the Universal Forum of Cultures in 2004 were two internationally 
recognized events that reshaped Barcelona, both figuratively as a city, and literally in terms of its 
coastline. The existing industrial infrastructure was replaced with artificial beaches within an urban 
environment, which provided a leisure space for both residents and tourists. Fishing was also of 
considerable economic significance, but following the industrial revolution, its importance 
dramatically decreased and became a marginal traditional activity (Roig 1927, Bas et al. 1955). 
 
Whereas in the past the main ecosystem services were related to food, transport, and waste 
disposal, nowadays navigation, recreation, and tourism can be considered the most important 
services for management issues (Novoa and Alemany 2005). The large industrial harbour and the 
public use of beaches for leisure are the two main uses of Barcelona’s urban littoral space 
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There is an increasing trend in the promotion of intensive-use urban artificial beaches for tourism in 
many large cities on the Mediterranean Sea coast (Nicholls and Hoozemans 1996), but there has 
been little analysis of the possible interactions between the ecological, social, and economic 
components of the social-ecological system. This made Barcelona an interesting study site in which 
the capabilities of the SAF could be explored in a representative case of urban beaches on the 
Mediterranean Sea. 
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2 Application 1 (SPICOSA Project) – Beach water quality and beach users 
 
2.1 Background and context of the SPICOSA project 
 
Coastal zones are a prime example of valuable social-ecological systems under pressure (Costanza 
1999, Costanza and Farley 2007, Martínez et al. 2007), and following the introduction of integrated 
coastal zone management (King 2003) concepts, a number of methodological frameworks have been 
suggested to enhance the efficacy of human decision-making processes with regard to sustainability 
(European Parliament and Council 2002, McKenna and Cooper 2006). One such framework is the 
Systems Approach Framework (SAF) developed and tested during the four-year FP6 European Union 
project “Science and Policy Integration for Coastal System Assessment” (SPICOSA 2011). SPICOSA ran 
from 2007-2011 and involved 54 institutional partners from 21 countries across multiple scientific 
disciplines, costing around €14.3 million. The SAF was piloted in 18 different study sites across 
Europe including the case presented here (Tomlinson et al. 2011) in order to test the application of 
the methodology to a varied set of social-ecological systems, although always within the domain of 
coastal zones. It should be noted that the methodology can be applied to any social-ecological 
system, not only those encountered in coastal zones. A special edition in the journal Ecology and 
Society includes analysis of all the study sites within the SPICOSA project (Hopkins et al. 2011).  
 
It should be emphasised here that the SAF methodology was being designed, tested and modified 
during the SPICOSA project. The scientific team attended many meetings in which the theory and 
methodology were explained. We then applied this knowledge within the scope of our study site. 
The study sites were expected to already have access to most data needed for modelling. This was to 
prevent study sites having to spend time and resources on collecting additional data before they 
could start to build a model. Additionally, there was an expectation to use the SAF methodology for 
constructing models as described in Appendix I. The SPICOSA project managers did not want the 
study sites simply to use a pre-existing model and use it within the SAF application. A pre-existing 
model could be adapted to be used as a SAF model but within the guidelines described in the SAF 
methodology. As previously explained, a SAF model should be as simple as possible but still capture 
the important links and feedbacks of ecologic, social and economic components of the social-
ecosystem. A SAF model should be hierarchical so that a stakeholder or model user can initially 
understand the broad overview of the model and then if they choose to, can investigate each 
component in more detail. In the SAF, the model is only as useful as the social context in which it is 
used – there is a lot of importance placed on the interactions of the stakeholders using the model as 
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a focus for understanding not only the social-ecosystem dynamics, but also understanding the point 
of view of other stakeholders. 
 
The scientific team within our research institute consisted of a broad spectrum of mostly natural 
scientists (biologists, ecologists and geologists) as well as an ecological-economist and a 
mathematical modeller (the author of this study). There was additional support from other 
participants in other research institutes, universities and consultancies within the SPICOSA project. 
 
2.2 Issue Identification 
 
The SAF methodology recommends constructing an institutional map of the study site in order to 
comprehend the administrative and institutional responsibilities of each stakeholder. In Barcelona, 
there are multiple nested hierarchies of institutional responsibilities (Fig. 6). At the largest scale is 
the European Union which implements European legislation and directives. These are then passed as 
laws by the Spanish state in agreement with the Spanish Constitution (1978). According to the 
Spanish Constitution, there are 17 autonomous communities (and two autonomous cities) that are 
then responsible for regulating and administrating the laws. Barcelona is part of the autonomous 
community of Catalonia which has its own legislative body which governs issues at the regional 
scale. Finally there is Barcelona council who are responsible for the citywide issues. Some 
responsibilities and authorities operate at more than one scale. 
 
At the time, there was no existing forum for these stakeholders to interact at the city scale, so we 
created one to meet the objectives of our SAF application. During the initial discussions about who 
would be invited to the first meeting, there was disagreement among the scientific group as to 
whether the more “conflictive” stakeholders (such as environmental nongovernmental 
organizations, surfers, local residents) should be included or not. The other stakeholders with more 
power in decision-making processes (public administrators) might have objected to their inclusion 
and therefore chosen not to attend the meeting, effectively ending the process before it started. It 
was decided that the potentially more conflictive stakeholders would not be invited initially but 
possibly would be included later following consultation with the other stakeholders. Public 
administrators would, in general, already be aware of the concerns of the more conflictive 
stakeholders. Table 2 provides a list of the stakeholders, their responsibilities, the meetings each one 
attended, and the issues they raised during the first stakeholder meeting.  
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Fig. 6: Institutional map of legislation relevant to Barcelona (Author: Sergio Sastre in System Design 
report for SSA12 -completed within the SPICOSA project) 
 
 
There were four meetings in total with the stakeholders. The first meeting took place during Issue 
Identification, the second during System Formulation and final two meetings during System Output. 
During the first meeting, it became clear that a common issue of interest to most stakeholders was 
water quality, particularly following combined sewer overflow events. The interest in this issue arose 
partly from compliance obligations to various European Union directives (Directive 2000/60/EC, 
Directive 2006/7/EC), and partly because of a connection to the stakeholders’ work responsibilities 
(e.g., decline in tourism at the recreational harbour caused by poor local environmental conditions). 
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Table 2: List of stakeholders that participated during SAF application (Tomlinson et al. 2011). 
 
 
The quality of the water is affected most significantly during storms. Barcelona has a combined 
sewer network which means that sewage and surface runoff are collected in a single system. During 
dry conditions the sewage is pumped to the wastewater treatment plant (WWTP), treated and then 
pumped far offshore, away from the beaches of Barcelona. However, during rainstorms, the 
wastewater treatment plants are unable to deal with the sudden increase in volume of mixed 
sewage and surface runoff. The combined sewer overflow (CSO) is therefore released directly into 
the coastal water by the beaches of Barcelona. To mitigate this problem, Barcelona has constructed 
many large underground empty tanks which can collect mixed rainwater and sewage until the storm 
has passed and then pump the water to WWTP. However the capacity of stormwater collectors is 
often insufficient to temporarily store this water for later treatment. This results in large quantities 
of untreated wastewater being released into the coastal waters. Additionally, a plume of organic 
detritus often forms at the river mouth due to the high density of sediments carried by the increased 
discharge of the river. Occasionally the untreated wastewater can cause harmful bacteria levels in 
the water to exceed established safety levels obliging the beach authorities to temporarily prohibit 
bathing. Even if the maximum allowable limits are not exceeded, many beach users prefer not to 
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bath due to the discolouration of the water caused by sediment disturbance, the river plume, or 
increased primary production. Reduced use of the coastal water (either by regulation or personal 
choice) influences the beach users decision whether to stay at the beach or to leave, thus affecting 
the revenue received by the bars and restaurants on the beach front. The contractor responsible for 
maintaining the sewerage network and the stormwater collectors - Clavegueram de Barcelona, 
Socieded Anónima (CLABSA) - chose not to attend the first stakeholder meeting, but the scientific 
team thought they would participate in later meetings. The hypotheses for this issue are that the 
stormwater collectors reduce the amount of harmful bacteria and increase water clarity in the beach 
water following combined sewer overflows; increasing the capacity of the stormwater collectors 
would further increase the water quality (fewer harmful bacteria and improved water clarity); and 
an improvement in water quality would increase the recreational appeal of the beaches. A map of 
the study site is below (Fig. 8). 
 
2.3 System Design 
 
The scientific team determined that it had sufficient data and expertise to analyse the dysfunction 
highlighted during Issue Identification. So formally it was decided that the issue to be investigated 
would be “the effects of changes in water quality on the aesthetic and recreational services of the 
Barcelona beaches”. Water quality was defined in terms of aquatic pathogenic organisms and water 
clarity, using faecal coliforms and suspended solids as indicators, respectively. Apart from combined 
sewer overflow events, other important factors that affect coastal water quality include one or more 
of the following factors: re-suspension of sediment caused by waves, inputs from local rivers, inputs 
from the local wastewater treatment plant, and the flushing rates of the beaches. Neither the 
stakeholders nor the scientists viewed phytoplankton as having a significant effect on water clarity. 
Existing mitigation methods include the output of the wastewater treatment plant channelled 
through an underwater pipe at a distance of three km from the beaches (whereas before it was 
much nearer) and the use of stormwater collectors to reduce combined sewer overflows. 
 
The scientific team also wanted to investigate the impact of this issue on the economic component 
of the system. It was not obvious whether there would be a clear impact of changes in water quality 
on the revenues of businesses near the beach. Therefore it was decided an additional assessment 
would also be undertaken using non-market valuation techniques (Chapter 2.4.5.2). There was an 
initial reluctance to use non-market techniques for the economic evaluation due to the difficulty 
involved in explaining the results to stakeholders unfamiliar with the methodology.  
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The scientific team built an initial conceptual model of the issue (Fig. 7). The model is divided into 
different sub-sets on the basis that there is limited interaction between them and could be viewed 
as separate sub-models. The SAF recommends constructing hierarchical models so that a user can 
understand the system as a whole when they first see the model. If they choose to, they can then 
investigate each section to understand the dynamics of each sub-model. The coloured background 
distinguishes these sub-models and could be implemented in the modelling software (ExtendSim) in 
this way. 
 
 
Fig. 7: Initial conceptual model of the identified issue in the SPICOSA application 
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In the conceptual model, solid line arrows indicate flows of energy and matter and dotted line 
arrows indicated the flow of information or money. Odum symbols (Odum 1971, 2002, Odum and 
Peterson 1996) are used to indicate how flows of matter and energy are represented. The study-site 
found that this symbol-set was not very appropriate for displaying interactions in the socio-
economic system, and therefore regular rectangles were used instead. Although not explicitly shown 
in the model, trans-boundary exchanges are marked by the circular symbol (input) and a vertical 
downward-point arrow (outflow). 
 
A map of the study site is shown in Fig. 8, indicating the six beaches of Barcelona which are directly 
affected by the combined sewer overflows, and occasionally by the River Besòs plume and the 
WWTP (depending on meteorological conditions). The boundaries of the system also include the city 
of Barcelona (runoff via the CSO) and the basin of the River Besòs (river plume carrying suspended 
solids and bacteria) which are not shown here. Fig. 9 indicates the position of the stormwater 
collectors within the city. 
 
Fig. 8:  Map of the Barcelona beaches affected by combined sewer overflows and by the River Besòs. 
The beaches are (1) Andrea Doria; (2) Hospital del Mar; (3) Nova Icaria; (4) Bogatell; (5) Mar Bella; 
and (6) Nova Mar Bella. The map also indicates the position of the CSO outlets (∗) and the River 
Besòs (R). (Google Earth, Cartographic Institute of Catalonia) 
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Fig. 9: Position of the stormwater collectors in Barcelona (CLABSA). (Red indicates the collectors 
which are currently functioning; pink are collectors currently being built; yellow are collectors 
confirmed to be built; and green are those collectors which are in the planning stage) 
 
 
 
The primary indicators of the social-ecosystem are: 
 Water clarity (both qualitative  - “Transparent”, “Turbid” and “Very turbid”; and qualitative - 
suspended solids kg m-3)  
 Bacteria (faecal coliforms - coliform forming units (cfu) 100 mL-1) 
 Revenues of local businesses (Euro per year) 
 Number beach users (Individuals per year) 
 Recreation and aesthetic value of beach using travel cost method (€ per year) 
(Further details of each indicator are described in Chapter 2.4 System Formulation.) 
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The possible management options initially chosen by the scientific team as relevant to the issue are: 
 Increase storm collector capacity to reduce untreated waste entering the coastal waters 
 Change the treatment type of the WWTP 
 Change the position of the wastewater discharge pipe 
 Accept that the river plume and discolouration of the water is part of a natural process and 
persuade the beach users that the water is safe to enter in such conditions 
 Take no action. Accept that the value (restaurant and bar revenues and non-market 
valuation) lost during the storms is not sufficient to warrant investment in rectifying the 
issue. 
 
2.4 System Formulation 
 
The scientific team did not have access to an existing model which could analyse the various 
components identified in System Design and the conceptual model. Therefore a model was 
constructed using the methodology outlined in the Systems Approach Framework. It should be 
emphasised here the SAF advocates constructing a model that can be understood by stakeholders, 
at least conceptually when displayed at the highest hierarchical level. The SAF does not recommend 
constructing extremely accurate sub-models if it does not improve the overall functioning of the 
entire model. The idea of the model is to capture the basic functioning of the whole social-
ecosystem, so that it can be used as a tool for deliberation between the stakeholders.  
 
The conceptual model in System Design (Chapter 2.3) was redesigned following consultation with 
the scientific team to emphasise the two separate indicators of water quality – beach water clarity 
and bacteria (Fig. 10). The final model in the simulating software which was shown to the 
stakeholders is shown in Appendix IX. 
 
The time-step of the model was set to one day as this is the resolution necessary to be able to 
evaluate the impact of beach water quality (beach water clarity and beach water bacteria) on the 
beach users. If the time-step resolution were lower (i.e. weekly or monthly), then the episodic 
events of combined sewer overflows which only last a day would be missed. The time-per-step was 
set to 0.1 so there are ten calculations per day. This is necessary in order to integrate the differential 
equations in the beach water clarity and beach water bacteria sub-models. A smaller time-per-step 
increases the number of computations per day, improving the temporal accuracy but at the expense 
of computational time. Given that the model will be used by stakeholders, long computational times 
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would inhibit its use during deliberation. The largest input into each sub-model is from the CSO 
which occurs sporadically so increasing the time-per-step (smaller than 0.1) does not greatly 
increase the temporal accuracy. Various time-per-steps were used and 0.1 was considered a balance 
between accuracy and computational time.  
 
 
Fig. 10: Redesigned conceptual model in the SPICOSA application 
 
 
The sub-models and connections between them are shown in the conceptual model and each will be 
analysed in turn below. A table of all the inputs of the model can be found in Appendix III; a table of 
all the scenario options in Appendix IV; and a table of the symbols and units in each sub-model in 
Appendix V. 
 
 
2.4.1 Principal drivers sub-model 
 
The principal driver in the model is the meteorological forcing input data. This feeds into three other 
sub-models (Beach water clarity, Beach water bacteria and Beach users) as well as the Combined 
sewer overflow (CSO) model described below (Chapter 2.4.1.1). Another driver is the River which 
links to the Beach water clarity and Beach water bacteria sub-models (daily flow of the local River 
Besòs). Finally there is the urban wastewater treatment plant (WWTP) that under normal conditions 
does not release any (treated or untreated) wastewater into the beach water as there is an 
underwater pipe in which the treated wastewater is pumped far offshore away from the beaches. 
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However, there have been occasions in which the pumping station has failed and the treated 
wastewater is released directly into the water near the beaches. The outflow of the WWTP is 
changeable in the scenario options. The options are: 
 0 m3s-1 (normal conditions - when the WWTP pump is functioning the wastewater is pumped 
far offshore) 
 4.17 m3s-1 (the pump fails and the waste water is released to the beaches at a standard flow 
rate) 
 6.26 m3s-1 (the pump fails and the waste water is released to the beaches at 150% of the 
standard flow rate) 
 8.34 m3s-1 (the pump fails and the waste water is released to the beaches at 200% of the 
standard flow rate) 
 
On each time-step, the WWTP sends a value of daily volume of (treated or untreated) water to the 
Beach water bacteria sub-model.  
 
2.4.1.1 Combined sewer overflow sub-model 
 
As previously described, the company responsible for maintaining the sewer system and operating 
the stormwater collectors in Barcelona chose not to participate in this SAF application. Therefore we 
did not have access to their models nor to the exact functioning of the system. We could only 
hypothesize how the sewer system and stormwater collectors affected CSOs, so the model was 
constructed using the following simplifications. Rainwater (P) falls on the drainage basin (B) of 
Barcelona and enters the combined sewer system. A certain percentage (D) cannot be directed 
towards the stormwater collectors due to geographical limitations (i.e the collectors are situated 
further inland than the location of the rainfall), and so is released directly (Wd) into the beach water. 
(The drainage basin (B) is measured in m2 so rain is converted from mm to m3): 
 
𝑊𝑑 = 𝐷 × 
𝑃
1000
 × 𝐵 
 
The rest of the surface runoff in the combined sewer is sent to the stormwater collectors (Wc). If the 
combined sewer water exceeds the capacity of the collectors (C), the excess is also released into the 
beach water: 
𝑊𝑐 = (1 − 𝐷) × 
𝑃
1000
 × 𝐵 
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So the total sewer water (Wt) released to the beach water per day is: 
𝑊𝑡 = 𝑊𝑑    +  𝑊𝑐 − 𝐶           (where Wc – C is always non-negative) 
A table of inputs for this model can be found in Appendix III. The current capacity of the stormwater 
collectors (C) is 5.2x105 m3 but this is currently being constructed and would increase capacity to 
6.9x105 m3. Additional collectors have been confirmed (7.2x105 m3) and the sewer company intends 
to increase it further (14.9x105 m3) once permission has been granted (CLABSA n.d.). The change in 
stormwater capacities can be run as alternative scenarios within the model to analyse the impact of 
these possibilities (see Appendix IV).  
 
The percentage of CSO that goes directly to the beach water (D) was not known by the scientific 
team. Therefore this value was set as a variable within the model and can be changed during a 
scenario analysis to ascertain the impact it would make on the other sub-models in the system. 
 
On each time-step (day), the Principal drivers sub-model sends the volume of CSO water (Wt) to both 
the Beach water clarity and the Beach water bacteria sub-models. Note that the CSO model outputs 
only once per day (rather than on every time-per-step). 
 
2.4.2 Beach water clarity sub-model 
 
The beach water clarity sub-model is repeated six times, one for each beach in the study zone, and 
calculates the concentration of suspended solids (ST) at each time-step. The basic model is a first- 
order differential equation as recommended during the SPICOSA project and often used in box 
models of suspended solids (Håkanson et al. 2004). The indicator within this sub-model was chosen 
to be suspended solids as observed data for the beach water, CSO and river use the same metric. We 
considered converting this to a Secchi depth but seeing as most of the beach water observations 
were qualitative, we decided the output of the model should also be qualitative, as the stakeholders 
were more familiar with this metric. 
 
There are three positive inputs: suspended solids from CSOs (SC), suspended solids from the river 
(SR), and re-suspension of sediment caused by waves (SW). At each time-step the suspended solids 
settle on the seabed (Ss) or are dispersed via the wind (SQ). 
𝑑
𝑑𝑡
 𝑆𝑇  = 𝑆𝐶 + 𝑆𝑅 + 𝑆𝑊 − 𝑆𝑇(𝑆𝑠  + 𝑆𝑄)   
45 
 
Concentration of suspended solids during CSO events was collected by Suárez and Puertas (2005) for 
one of the CSO outlets flowing into the beach water in Barcelona. The data was analysed and the 
relation between CSO volume and suspended solids was found to be logarithmic above a certain 
threshold (R2 = 0.78) and directly proportional below. In the absence of more accurate data, the 
total CSO water (Wt) entering each of the beaches is divided evenly among the six beaches with 
volume (V). Suárez and Puertas (2005) found that there was no identifiable first-flush1 effect in 
Barcelona.  
1
6
 𝑊𝑡 < 38000  ⟹   𝑆𝐶 = 0.0006 ×   
1
6
 𝑊𝑡  × 𝑉
−1 
1
6
 𝑊𝑡 ≥ 38000  ⟹   𝑆𝐶 = 13.917 × log𝑒 ( 
1
6
 𝑊𝑡) − 124.497 × 𝑉
−1 
 
Data was limited regarding how the concentration of suspended solids in the river Besòs changed 
depending on flow rate (FR). Huertas et al. (2006) analysed the flow rate from 2001-2003 and 
recorded the concentration of suspended solids when the flow rate was a maximum, minimum and 
the average. The relation between this data can be expressed as a power regression (R2 = 0.97): 
 
𝑆𝑅(𝑐𝑜𝑛𝑐)  = 12.364 × 𝐹𝑅
0.5123  
 
(where 𝑆𝑅(𝑐𝑜𝑛𝑐) is the concentration of suspended solids in mg/L for a given flow rate FR (m
3 s-1)) 
 
This relation is partly corroborated by studies in other regions which reveal a similar power 
regression relation between flow rate and suspended solids but this can depend on the type of 
hysteresis predominant in the area and time of year (Asselman 1999). This expression (total 
suspended solids per flow rate) is multiplied by the flow rate (FR) (converted to daily outflow) to 
calculate the total suspended solids in the river that could arrive to the beach each day. This is then 
converted to a concentration in the beach water (by dividing by volume of beach water (V)), and 
then multiplied by a wind function (Rw). The wind function determines what percentage of the river 
arrives to each beach (Appendix VI). For example, if the wind pushes the river outflow away from the 
beaches then the value of Rw is zero. The final equation is: 
 
𝑆𝑅 = 𝐹𝑅  × 1.0683 × 𝐹𝑅
0.5123  ×  𝑉−1  ×   𝑅𝑤   
                                                          
1
 The first-flush effect is where pollution load is greater during the initial CSO volume due to sediments and 
pollutants removed from the dry sewers 
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The calculation of re-suspension of sediment caused by waves (SW) is calculated by using standard 
equations taken from Soulsby (1997) once per day (Appendix VII). 
 
The parameter of Ss is a constant that indicates the rate at which suspended solids are removed 
from the beach water, primarily by settling on the seabed. The value depends on many complex 
issues regarding the suspended solid size, beach morphology, currents, wind, and wave. Fugate and 
Chant (2006) found the settling rate of CSO suspended solids can vary by over an order of 
magnitude, and is specific to the site and hydrodynamic conditions on the day. Therefore these 
attributes were combined into this single parameter that was later calculated using the optimiser 
within the ExtendSim software, in which various values were tested until the output of the model 
produced results most similar to the observed data (Chapter 2.4.2.1). There is a unique value of SR 
for each beach (Appendix III). 
 
The dispersion of suspended solids by wind (SQ) depends on the direction of the wind (Qd). If the 
wind is offshore then the suspended solids are dispersed from the beach water more quickly. The 
rate at which this dispersion occurs depends on the wind velocity (Qv) and an unknown rate (SQr) 
which was calculated using the software optimiser (Chapter 2.4.2.1). 
𝑄𝑑 < 45   ∥     𝑄𝑑 > 225    ⟹         𝑆𝑄 = 𝑆𝑄𝑟 × 𝑄𝑣 × sin (
𝜋
180
 (𝑄𝑑 − 225)) 
𝑄𝑑 > 45    &     𝑄𝑑 < 225   ⟹         𝑆𝑄 = 0 
 
 
2.4.2.1 Optimising unknown parameters in Beach water clarity sub-model 
 
There are two unknown parameters in the Beach water clarity sub-model: the rate at which 
suspended solids are removed from the beach water, primarily by settling (Ss); and a wind 
dispersions factor parameter (SQr) used in determining (SQ). (Each of the six beaches has its own 
settling rate, whereas the wind dispersion factor is the same for all beaches). In order to estimate 
the unknown parameters, various values for each parameter are tested and the model output is 
compared against observed data. The best estimate parameters are those which minimise the 
difference (least squares) between the model and observed data. The ExtendSim software has an in-
built optimiser in which minimum and maximum values are entered for each unknown parameter, 
as well as any other constraints (e.g. parameter1 > parameter2). The software user also specifies 
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how close to “optimum”, the result should be. The most optimum solutions try more combinations 
of variables, but the process takes longer. When using any optimiser software, it is possible that a 
sub-optimal solution is returned. Therefore the optimiser was run several times to ensure that the 
results converged to similar values each time. 
 
There were two sets of data available regarding suspended solids in the beach water. The first was a 
set of qualitative data collected by the local water authority (ACA), in which each beach was visually 
inspected and the water clarity given a rating of “Transparent”, “Turbid” or “Very turbid”. Beaches 
were inspected on average between 1-3 days (during June-September, 2001-2005). The second set 
of data was quantitative (mg/L) but with a lower temporal and spatial resolution - samples were 
taken approximately once a month (from 2001-2005) in one of the beaches (Hospital del Mar). 
(Quantitative data supplied from the PUDEM project financed by the Spanish Ministry of Science and 
Technology (REN2003-06637-C02)). 
 
The first step in estimating the unknown parameters was to use the optimiser to estimate Ss 
(Hospital del Mar) and SQr, using the observed data for the beach at Hospital del Mar (the calculated 
values are in Appendix III). In order to estimate the parameter Ss for the other five beaches we only 
had the set of qualitative data. To convert the quantitative data to qualitative data, two parameters 
were sought which represent the threshold between the three ratings (“Transparent”, “Turbid” or 
“Very turbid”). The optimiser was used again to estimate these two threshold values, comparing the 
model output of Hospital del Mar against the quantitative data for the same beach. The values for 
these threshold parameters were calculated as: 
 
𝑆𝑇  < 0.98 (𝑚𝑔𝐿
−1)    ⟹ "𝑇𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑡" 
0.98 ≤  𝑆𝑇  < 8.65 (𝑚𝑔𝐿
−1)   ⟹ "𝑇𝑢𝑟𝑏𝑖𝑑" 
𝑆𝑇 > 8.65 (𝑚𝑔𝐿
−1)    ⟹ "𝑉𝑒𝑟𝑦 𝑡𝑢𝑟𝑏𝑖𝑑" 
 
Finally the values of Ss (for the other five beaches) were estimated using the optimiser by comparing 
the output of the beach water clarity model converted to a qualitative value, against the observed 
qualitative data for each beach. The results of these processes are discussed in System Appraisal 
(Chapter 2.5.2). 
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2.4.3 Beach water bacteria sub-model 
 
The beach water bacteria sub-model is repeated six times, one for each beach in the study zone, and 
calculates the concentration of faecal coliforms (BT) at each time-step. The basic model is a first- 
order differential equation similar to the Beach water clarity sub-model. The indicator for bacteria 
was chosen to be faecal coliforms, the same as the observed data and used in the European Bathing 
Water Directive (76/160/EEC). 
 
There are three positive inputs: faecal coliforms from CSOs (BC), faecal coliforms from the river (BR), 
and faecal coliforms from the wastewater treatment plant (BW). At each time-step the faecal 
coliforms decay (Bd), or are dispersed via the wind (BQ). 
 
𝑑
𝑑𝑡
 𝐵𝑇  = 𝐵𝐶 + 𝐵𝑅 + 𝐵𝑊 − 𝐵𝑇(𝐵𝑑  +  𝐵𝑄)   
 
There was no data specific for faecal coliforms from CSOs (BC) for Barcelona so a fixed concentration 
rate (BCr), (1x10
5 cfu 100 mL-1) was taken from the literature for average CSOs (Metcalf & Eddy 1991). 
This is a simplification as it is likely that faecal coliform concentration will decrease as CSO flow 
increases. The outflow of the CSO is divided equally between the six beaches and then converted 
into a concentration of the beach water. 
 
𝐵𝐶 =  𝐵𝐶𝑟  
1
6
𝑊 𝑡  𝑉
−1 
 
Data was limited regarding how the concentration of faecal coliforms in the river Besòs changed 
depending on flow rate (FR). The relation between stream flow and bacteria concentration is difficult 
to predict (Eleria and Vogel 2005) so the average observed value was used for 2001-2003 (Huertas et 
al. 2006) (BRr  = log 4.4 cfu 100 mL
-1). This value is multiplied by the flow rate (FR) (converted to daily 
outflow) to produce the faecal coliforms in the river. This is then converted to a concentration in the 
beach water (by dividing by volume of beach water (V)), and then multiplied by a wind function (Rw). 
The wind function determines what percentage of the river outflow arrives to each beach (Appendix 
VI). The final equation is: 
 
𝐵𝑅 = 86400  𝐹𝑅 𝐵𝑅𝑟  𝑉
−1  𝑅𝑤  
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Similarly, the faecal coliforms from the WWTP is expressed the same as the river due to its similar 
geographical position. However, the concentration of the outflow of the WWTP is set as a variable 
within the scenarios (see inputs in Appendix III). The average concentration of faecal coliforms from 
WWTPs is 3x106 cfu 100 mL-1 for treated water and 1x 107 cfu 100 mL-1 for untreated water (Metcalf 
& Eddy 1991). The rate of outflow of the WWTP (FU) is also variable for the scenario analysis. The 
observed flow of the WWTP in Barcelona is 4.17 m3 s-1 (2008). However, in the standard “current” 
scenario the value will be zero as the WWTP outflow is pumped offshore away from the beaches. 
 
𝐵𝑊 = 86400  𝐹𝑈 𝐵𝑊𝑟  𝑉
−1  𝑅𝑤   
 
There was no model available to calculate the decay rate of bacteria (Bd) in the coastal waters of 
Barcelona. Therefore an alternative analysis undertaken in the Black Sea (Yukselen et al. 2003) was 
used instead. Solar intensity (I) has the strongest effect on decay rate during the day (kl), but in the 
dark (kd), sea temperature (t) can also influence the decay rate. Solar intensity is reduced to 20% 
when there is cloud cover (Luccini et al. 2003). There was no data available regarding cloud cover in 
Barcelona so rain (P) was used as a proxy. 
 𝑃 > 0  ⟹ 𝐼 = 0.20 𝐼 
 𝑘𝑙 = 0.0337 𝐼 + 0.1184 
 𝑘𝑑 =
2.3
−19.92 log(𝑡)+ 79.17
 
The larger of these two decay rates is converted to a daily decay rate (Bd). 
𝐵𝑑 = 24 ×  𝑚𝑎𝑥𝑖𝑚𝑢𝑚(𝑘𝑙 , 𝑘𝑑) 
The model reads a table of solar intensity and returns a value specific to the month and hour of day 
(cal cm-2 h-1) (Appendix VIII).  
 
The dispersion of faecal coliforms by wind (BQ) depends on the direction of the wind (Qd). If the wind 
is offshore then the suspended solids are dispersed from the beach water more quickly. The rate at 
which this dispersion occurs depends on the wind velocity (Qv) and an unknown rate (BQr) which was 
calculated using the software optimiser in the same way as in the Beach water clarity sub-model 
(Chapter 2.4.2.1), but in this case there is a value of (BQr) for each beach. 
𝑄𝑑 < 45   ∥     𝑄𝑑 > 225    ⟹         𝐵𝑄 = 𝐵𝑄𝑟 × 𝑄𝑣 × sin(
𝜋
180
 (𝑄𝑑 − 225)) 
𝑄𝑑 > 45    &     𝑄𝑑 < 225   ⟹         𝐵𝑄 = 0 
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2.4.4 Beach users sub-model 
 
A model was required that could analyse how changes in beach water quality (water clarity and 
bacteria) affects the beach users, however, no model existed for the beach users of Barcelona. The 
scientific team proposed comparing suspended solids and bacteria levels on a given day against the 
number of beach users. A quick analysis revealed there was no correlation, and other factors had a 
stronger influence on the number of users (such as meteorological data (rain, wind), day of week 
(there are many more weekend visitors than during the week), and month of the year).  It was 
possible that the water quality did influence the number of visitors but the affect would only be 
apparent over the medium-long term. A beach user might not want to enter the water because of 
low water clarity but they would still stay at the beach that day. However, it could influence their 
opinion to return at a future date. In order to ascertain this, a survey would have to be undertaken – 
possibly using techniques such as stated preference methods (e.g. Contingent valuation) or revealed 
preference methods (e.g. Travel Cost Method; Hedonic price analysis). There were not the necessary 
resources available to undertake such a study within the SPICOSA project, so a model was designed 
that could incorporate the results of these methodologies in the future, in the case that they were 
undertaken.  
 
A recent study had used video-analysis techniques to count the number of daily users from three 
fixed video cameras near two of the beaches of Barcelona (Guillén et al. 2008). The study revealed a 
nonlinear fit model determining the number of users (N) based on the following factors: mean daily 
air temperature (T), daily rainfall (P), mean wind speed (Qv), and two predisposition factors due to 
the day (D) and month (M). 
𝑁𝑛𝑜𝑣𝑎 𝑖𝑐𝑎𝑟𝑖𝑎 = 
17.672 𝑇1.8069[(𝐷 + 0.001)0.8527 + (𝑀 + 0.001)0.7748]
[(𝑄𝑣 + 0.001 )0.3351 + 1 ][(𝑉 + 0.001 )0.0275 + 1 ]
 
   
𝑁ℎ𝑜𝑠𝑝 𝑑𝑒𝑙 𝑚𝑎𝑟 = 
11.604 𝑇1.8920[(𝐷 + 0.001)0.9601 + (𝑀 + 0.001)0.8860]
[(𝑄𝑣 + 0.001 )0.4211 + 1 ][(𝑉 + 0.001 )0.3173 + 1 ]
 
 
There was no model available for the other beaches so an average of these two models were used 
and multiplied by the proportional difference of beach length (L). (Nova Icaria and Hospital del Mar 
have approximately the same length). 
𝑁(𝑜𝑡ℎ𝑒𝑟) = 
𝐿(𝑜𝑡ℎ𝑒𝑟)
𝐿𝑛𝑜𝑣𝑎 𝑖𝑐𝑎𝑟𝑖𝑎
 
14.638 𝑇1.8495[(𝐷 + 0.001)0.9064 + (𝑀 + 0.001)0.8304]
[(𝑄𝑣 + 0.001 )0.3781 + 1 ][(𝑉 + 0.001 )0.1724 + 1 ]
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The variable “recreational appeal” (A) was used to determine the effect of beach water quality on 
the number of beach users. Initially set to 1, this variable changes depending on the water clarity 
(AS), the number of beach users (saturation of the beach) (AU), and whether the beach closes 
because the number of bacteria exceeds the mandatory limit (AB). There also needs to be a factor 
which increases the recreational appeal when the water quality is “good” and not over-saturated 
(neither turbid, nor closed due to bacteria) (AG). This is partly a modelling problem (otherwise the 
recreational appeal could only decrease) and partly based on the idea that a beach will be more 
attractive to a user if they know that the water quality will be “good” and not over-crowded when 
deciding which beach to visit. Note that the beach saturation function will limit the number of 
visitors to a beach in the case that water quality is “good” for a sustained period. The recreational 
appeal variable (A) is then multiplied by the number of users (N) in the Guillén et al. (2008) model 
described above to produce the expected number of beach users (NE). 
𝑁𝐸 = 𝑁 ×  𝐴 
𝐴𝑡 = 𝐴𝑡−1 − 𝑁𝐸(𝐴𝑆 + 𝐴𝐵 + 𝐴𝑈) + 𝑁𝐸(𝐴𝐺) 
If suspended solids in the beach water exceed 0.98 mgL-1 (the threshold value calculated in the 
Beach water clarity sub-model as being “Turbid”) then the effect on recreational appeal caused by 
suspended solids will be a positive undetermined value (AS). The exact value of AS is unknown and is 
user definable (within limits). Changes to AS can be adjusted within the model and will be analysed in 
the scenario analysis. AS is zero in the case that suspended solids are less than 0.98 mg L
-1. 
𝑆𝑇 > 0.98     ⟹     𝐴𝑆 = 𝐴𝑆 
𝑆𝑇 ≤ 0.98     ⟹     𝐴𝑆 =  0 
Similarly, if the faecal coliforms exceed the maximum allowable concentration (2000 cfu 100 mL-1), 
then the beach will be closed to bathing (Bathing water directive 76/16/EEC). The effect this will 
have on recreational appeal caused by bacteria (beach closure) is also an undetermined value (AB). If 
faecal coliforms are below the limit then AB is zero.  
𝐵𝑇 > 2000     ⟹    𝐴𝐵 = 𝐴𝐵 
𝐵𝑇 ≤ 2000     ⟹    𝐴𝐵 =  0 
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If the number of beach users exceeds the saturation level of 4 individuals m-1, then recreational 
appeal will decrease by an underdetermined value (AU), otherwise AU is zero
2. 
𝑁𝐸 
𝐿
> 4     ⟹    𝐴𝑈 =  𝐴𝑈 
𝑁𝐸 
𝐿
≤ 4     ⟹    𝐴𝑈 =  0 
In the case that all three of these values (AS, AB, AU) are zero, (i.e. suspended solids are below 0.98 
mgL-1, faecal coliforms are below 2000 cfu 100 mL-1, and beach users are less than 4 individuals 
metre-1) then recreational appeal will increase by an undetermined factor (AG).  
𝐴𝑆 = 𝐴𝐵 = 𝐴𝑈 = 0     ⟹    𝐴𝐺 = 𝐴𝐺 
𝐴𝑆 + 𝐴𝐵 + 𝐴𝑈  > 0     ⟹    𝐴𝐺 =  0 
Each of these four factors (AS, AB, AU, and AG) is then multiplied by the number of beach users that 
day (NE) to calculate the final change in recreational appeal for that day. Therefore if there are few 
people on the beach there is little effect on the recreational appeal. For example if there is a high 
concentration of suspended solids (above the threshold), but there are only a few beach users (e.g. 
during winter), it will not greatly affect the recreational appeal. 
 
The four undetermined values are adjustable in the model, and examined in System Appraisal 
(Chapter 2.5.4). In reality these values will be constant (for the beach user population as a whole), 
but need to be determined using surveys or other techniques as discussed in the introduction of this 
sub-model. 
 
The model repeats this analysis for all six beaches and outputs the expected number of beach users 
(NE) to the economic evaluation sub-model. 
 
2.4.5 Economic evaluation sub-model 
 
There are two parts of the economic evaluation sub-model. First there is the market valuation 
component in which real goods and services are exchanged and the value is reflected within the 
balance between the costs of production and what people are willing to pay. In this case study, the 
                                                          
2
 According to Alemany (1984), beach saturation level is approximately 5 m
2
/user. Assuming users only use the 
20 m nearest to the shoreline (Valdemoro and Jiménez 2006), this is equivalent to 4 users/m 
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goods and services which will be most affected by the beach water quality will be the bars and 
restaurants in the near vicinity of the beach. If the quality of the beach water is high, then people 
will be more likely to visit the beach and a certain percentage will also visit the bars and restaurants, 
purchasing goods, and increasing the employment within these establishments.  
 
 The second component of the economic evaluation sub-model uses non-market techniques to 
reveal the value of the services offered by the beaches. There is no entrance fee to the beach so the 
value of the beach cannot be calculated using market techniques. There are various methods which 
can be used to place a monetary value on ecosystem services which are divided into two categories 
– stated preference and revealed preference methodologies. Stated preferences methods such as 
contingent valuation directly ask what people are willing to pay for an ecosystem service. In 
contrast, revealed preference methods examine the value of a market good that is linked with the 
ecosystem service in order to estimate the willingness-to-pay. These include hedonic pricing and the 
travel cost method (TCM). 
 
2.4.5.1 Revenues of beach bars and restaurants 
 
A survey was undertaken by the scientific team in which the number of restaurants, restaurant-bars 
and bars in the near vicinity of the beach, their occupancy, and average cost per meal were counted. 
For this survey the establishments that were included as being in the “near vicinity” were those 
directly on the beach or those on the promenade of the beach. The owners were asked directly 
regarding revenues, employment and customer turnover but most were unwilling to participate and 
so estimates were made. The percentage of restaurant and bar clients that come from the beach 
(Nb) was estimated. This value is multiplied by the occupancy of the beach (Expected number of 
visitors (NE) divided by beach saturation limit (4 users m
-1) multiplied by length of beach (L)) so that 
on busy beach days there will be a higher number of visitors to the nearby bars and restaurants, and 
vice versa. This is then aggregated together with the number of bar and restaurant clients who have 
not come from the beach (1-Nb). The total number of beach users (as a percentage) is then 
multiplied by the expenses (Pi), maximum seating occupancy of the establishment (Oi) and the seat 
turnover (T) - the number of  clients served for each available seating place over the day. This is 
repeated three times for each type of establishment i (restaurants; bar-restaurants; and bars). 
 
𝑅 = ∑ 𝑇 × 𝑂𝑖  × 𝑃𝑖  [𝑁𝑏  × min (1,
𝑁𝐸
4𝐿
) + (1 − 𝑁𝑏) ]
3
𝑖=1
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The estimated values of O and P for each type of establishment are shown in Appendix III. There is 
no data regarding the seat turnover specific to the bars and restaurants on the beach front in 
Barcelona. However, a report for the National Restaurant Association (USA) shows that the average 
daily seat turnover is 1.6 and the highest value is 2.0 (National Restaurant Association and Deloitte 
2010). We chose to use a fluctuating value for seat turnover where the value would be 2.0 in the 
summer and decreases to 1.5 during winter using the following equation, where “timestep” is the 
time-step of the model. (Note that the model must start on January 1st for the equation to be 
correct.) 
𝑇 = −
1
4
 cos (
𝜋
180
360
365
 𝑡𝑖𝑚𝑒𝑠𝑡𝑒𝑝) + 1.75 
 
2.4.5.2 Travel-cost method 
 
Given that the percentage of visitors from the beach to the nearby restaurants and bars was 
estimated to be low (5%), the impact of changes in the water quality on revenues was also expected 
to be low. In order to try and capture the change in value of the beaches, a non-market 
methodology was also applied. The travel-cost method (TCM) of economic valuation is a widely used 
methodology using revealed preferences (Bell and Leeworthy 1990, Ward and Beal 2000, Font 2000, 
Parsons 2003, Blakemore and Williams 2008, Martín-López et al. 2009). The basic premise is that 
users incur time and expenses in travelling which represents the “price” of access to the beach. The 
users’ willingness-to-pay can be estimated based on the number of visits they make at differing 
travel costs. The methodology used in the model was taken from Ward and Beal (2000). In order to 
fully understand the impact of changes in environmental quality, it is common for a contingent 
valuation study to estimate the change in number of visits by each tourist for a hypothetical change 
in environmental conditions. There were no resources within the project to undertake such a survey 
and so the changes in visitors were assumed to affect each group of beach users (i.e. where each 
visitor originates from) proportionally the same. If more specific information becomes available, it 
would be simple to update the input data in the model in order to update and improve the results.  
The first step in applying the methodology is to determine a set of zones of origin for each of the 
tourists. A survey undertaken by Department of Parks and Gardens (Barcelona council) in 2005 
reveals that the majority of visitors live in one of four zones: Barcelona; the metropolitan area of 
Barcelona (Àrea Metropolitana de Barcelona - AMB); Catalonia; and Spain. There are comparatively 
very few international visitors to the beaches of Barcelona. The percentage of users from each zone 
is shown in Appendix III, but the majority are from Barcelona (79.4%). The number of residents in 
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each zone is also required (also shown in Appendix III). The final step in terms of data collection is 
calculating the expenses each user makes in visiting the beach. These were estimated by the 
scientific team.  
 
The basic demand function is calculated using these data where x is the travel cost per person, y is 
the visit rate (i.e. the number of visitors from a given zone divided by the population of that zone) 
and n is the number of zones. A visit rate curve is calculated by regression of travel costs against visit 
rate. In this case the visit rate curve takes the exponential form due to the high number of nearby 
beach users and low number of visitors from afar (as opposed to a linear visit rate function). See 
Chapter 2.5.5 for the value of coefficient of determination (R2). 
 
𝑦 = 𝑎𝑒𝑏𝑥 
The parameters a and b are therefore calculated: 
𝐵 =
𝑛 ∑𝑥𝑦  − ∑𝑥  ∑ 𝑦
𝑛 ∑𝑥2 − (∑𝑥)2
 
𝑏 = 𝐵 
𝐴 =  
∑𝑦 − 𝑏 ∑𝑥
𝑛
 
𝑎 =  𝑒𝐴 
Hypothetical changes to the costs per visit are introduced to this equation to calculate changes in 
visitors. In the case of the model the following additional hypothetical fees (in euros) were added to 
the travel costs already assumed by visitors for each zone (10, 20, 50, 80, 100, 150, 200, 250, 300, 
400, 450, 500, 1000). The sum of number of visitors per zone is then regressed against these 
differing levels of costs (travel costs plus hypothetical entry fee) in order to create a demand curve 
for the beach. The demand curve takes the logarithmic form (and A and B are calculated as 
previously described): 
 𝑦 =   𝐵 log𝑒(𝑥) + 𝐴 
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The consumer surplus is calculated by measuring the area under the demand curve and can be 
considered the willingness-to-pay for all users.  
∫𝐵 log𝑒(𝑥) + 𝐴 = 𝑥 (𝐴 + 𝐵 log𝑒(𝑥) −  𝑏) + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
The limits of the integral (the area under the curve) are calculated from 𝑥 → 0 to 𝑒
−𝐴
𝐵 . 
The consumer surplus is calculated every day and aggregated for a yearly total. 
 
2.5 System Appraisal 
 
2.5.1 Principal drivers sub-model  
 
The principal drivers sub-model mainly consists of the input data for the rest of the model, such as 
meteorological data and river flow. The only modelled component of the sub-model is the 
calculation of the volume of combined sewer overflow entering the beach water. Given that the 
stakeholder who manages the sewer network and stormwater collectors chose not to participate in 
the SAF application, a rough approximation was used, as described in Chapter 2.4.1.1. The key 
unknown parameter in the model (at least unknown by the author) is the percentage of CSO runoff 
which flows directly into the beach water without being pumped to a stormwater collector. This is 
partly a geographical problem, as most of the stormwater collectors are further inland and uphill 
from the beaches, and is partly a management decision. An additional problem with heavy rain in 
Barcelona is that the roads can become flooded creating a dangerous situation for motorists and 
especially motorcyclists. The objective in such circumstances would be to remove the runoff water 
as quickly as possible from the city to either the stormwater collectors or to the beach water, 
whichever is quickest. Fig. 11 shows the annual (averaged over four years from 2002-2005) CSO 
runoff depending on the stormwater collectors total capacity (which is currently 5.2 x 105 m3) and 
the unknown direct runoff percentage. It would be impossible for all of the CSO runoff to be directed 
to the stormwater collectors so the 0% value is just figurative. For a 75% and 50% direct runoff 
value, there is not much benefit in increasing the stormwater capacity from the current level (5.2 x 
105 m3) to either the confirmed increase in capacity (7.2 x 105 m3) or to those in the planning stage 
(14.9 x 105 m3). The benefits in increasing stormwater collector become more apparent only if the 
direct runoff can be reduced to 25% or lower. This result has implication of the cost-benefit analysis 
examined during the scenario analysis in Chapter 2.6.1. It is likely that the real percentage of direct 
runoff is between 25-50% given the position of the stormwater collectors. 
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For the optimization process used in the beach water clarity and beach water bacteria sub-models to 
calculate the unknown parameters, a value of 50% direct runoff was used. In the case that this is not 
true, then the optimizer would calculate different values for the unknown parameters. However, 
until more data is available, then the real value cannot be confirmed. 
 
 
Fig. 11: Annual CSO runoff depending on stormwater collector capacity and direct runoff 
 
 
2.5.2 Beach water clarity sub-model  
 
Quantitative data was only available for one of the beaches (Hospital del Mar). Fig. 12 shows the 
comparison of the model output and the observed data. (The sewer network parameters used are 
those that represent the current situation: 50% direct runoff; stormwater collector capacity of 5.2 x 
105 m3). 
 
The model produces values in the same order of magnitude to those observed. If only the dates 
which have data points are plotted against the model (for that day), it can be seen that the model 
performs relatively well when suspended solids are above 1 mg/L. However below this observed 
value, the model often produces a value of zero. It seems the model is unable to predict low values 
of suspended solids but is more accurate with higher values. The correlation coefficient between the 
model and observed data is r=0.70 (Fig. 12).  
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Fig. 12: Suspended solids (mg/L), model vs data (Hospital del Mar) 
 
 
 
 
The prediction accuracy of the beach water clarity sub-model for qualitative data is shown in Table 
3. The model performs well at low suspended solid concentrations (“Transparent”) but quite poorly 
at higher concentrations. There are relatively few days given a “Very turbid” rating. (For the years 
2002-2005, excluding Hospital del Mar, only 5-15% of all ratings were “Very turbid”. Fig. 13). For this 
reason, the model is unable to capture these events with good accuracy. The qualitative model also 
performs badly for Hospital del Mar, which is not surprising given that it receives a much greater 
number of “Very Turbid” ratings than the other beaches (Fig. 13).  
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Table 3: Prediction accuracy of beach water clarity sub-model (qualitative data) 
 
 
 
Fig. 13: Percentage of observed turbidity ratings per beach 
 
 
There is obviously a significant problem in using qualitative data to verify a model because there is 
no objective value for each of the three turbidity ratings. For example, changes in light conditions 
(either the time of day of the visual inspection, or cloud cover) can change the aspect of the beach 
water clarity although the actual suspended solids could be the same. The turbidity ratings were 
given over many years, and changes to personnel who make the observation could also influence the 
final rating.  
 
A problem with the model is the lack of data regarding inputs from point sources. Dredging often 
occurs for beach replenishment and this can reduce water clarity during the process. The relevant 
data was not available to be used. However, given that beach replenishment tends to occur before 
the bathing season starts, the overall effect on the recreational appeal of the beach would probably 
be low anyway.  
 
The impact of the river on beach water turbidity is shown in Table 4. Although a significant amount 
of suspended solids arrive from the river to the beach water (the total percentage is between 22% 
Transparent Turbid Very Turbid
< 0.98 mg/L 0.98 < S < 8.65 (mg/L) > 8.65 mg/L
Andrea Doria 96.1 59.3 20.5 64.4
Hospital del Mar 96.4 61.5 10.9 46.8
Bogatell 78.9 71.1 29.2 70.0
Nova Icaria 79.1 72.2 31.3 72.8
Mar Bella 81.3 51.8 26.7 61.9
Nova Mar Bella 81.7 52.9 33.3 63.7
Beach Overall
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and 36% depending on the beach), the decisive impact this has when the beach water is “turbid” is 
between 11 and 29% (i.e. in the hypothetical case that the river flow were zero then the beach 
water would still be “turbid”) and has no influence on the “very turbid” days. The beaches nearer to 
the river are more greatly impacted by the suspended solids in the river. Due to the lack of 
quantitative data for suspended solids, it is difficult to assess the accuracy of the river model. 
 
Table 4: Impact of river on beach water turbidity 
 
 
2.5.3 Beach water bacteria sub-model 
 
There was only observed data regarding faecal coliforms during the summer months. This was 
compared against the model output (Fig. 14). (The sewer network parameters used are those that 
represent the current situation: 50% direct runoff; stormwater collector capacity of 5.2 x 105 m3; and 
no outflow from the WWTP). The model produces values in the same order of magnitude as the 
observed data. However comparing only the observed data points against the corresponding 
modelled data (Fig. 15), the correlation is relatively low. The model is unable to recreate the highest 
observed data points. However this might not be such a problem as long as the model correctly 
predicts when faecal coliforms are above the threshold when the beach closes - 2000 cfu / 100mL 
(3.3 log cfu / 100 mL). The actual value is not so important for this model. In these cases, the model 
is adequate. The difference in actual value could be caused by many factors. For example, when CSO 
water is released into the beach water, the faecal coliforms will slowly diffuse over the area. The 
model does not take this delay into account and immediately calculates the concentration assuming 
an instant diffusion. The observed data could have been collected during this time when the faecal 
coliforms were concentrated in one area and not fully diluted with the rest of the beach water. This 
was partially confirmed by the local water authority (ACA) who stated that it was standard practice 
to collect samples of beach water directly after rain and CSO events, before it has been given time to 
diffuse. There are also many values which the model states as zero when the observed value is   
Number of bathing 
days (per year) when 
water is "turbid"
Number of bathing 
days (per year) when 
water is "very turbid"
Percent of suspended 
sediment from river 
(per year)
Percent of bathing days 
river contributes to water 
being "turbid"
Percent of bathing days 
river contributes to water 
being "very turbid"
Andrea Doria 13.28 1.01 22.28 11.37 —
Hospital del Mar 17.02 1.52 29.09 21.10 —
Nova Icaria 12.95 1.01 26.82 18.06 —
Bogatell 13.13 1.07 30.68 22.78 —
Mar Bella 15.18 0.20 33.83 26.27 —
Nova Mar Bella 16.05 0.25 36.14 29.42 —
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Fig. 14: Model output and observed faecal coliforms (log cfu / 100 mL) 
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above zero (although low). If there was any rain that day then the model would produce a small 
value for faecal coliforms. Examining the days when this occurred, there was no rain so there are 
clearly other sources of faecal coliforms other than CSO and the river. However, these values are low 
and do not reach the beach closure threshold value and so will have zero impact on the recreational 
appeal of the beaches sub-model. Possibly the low correlation between the model and data is 
caused by the decay value used in the model which was taken from a study in the Black Sea 
(Yukselen et al. 2003). It is likely that the decay rate of bacteria in Barcelona would be different due 
to changes in salinity and light conditions.  
 
Fig. 15: Correlation between observed data and modelled faecal coliforms (log cfu / 100 mL) 
 
 
 
The impact of the river on beach water bacteria is shown in Table 5. A significant amount of faecal 
coliforms arrive from the river to the beach water (the total percentage is between 9% and 36% 
depending on the beach). The contribution of the faecal coliforms in the river is decisive as to 
whether the beach has to close due to exceeding the bacteria limit (2000 cfu / 100 mL) between 10% 
and 36% of bathing days (i.e. in the hypothetical case that the river flow were zero then the beach 
would still be closed for exceeding the limit). The beaches nearer to the river are more greatly 
impacted by the faecal coliforms in the river. In the river model, the concentration of faecal 
coliforms is fixed and independent of river flow, because there was no data to improve this 
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approximation. In reality, at higher flow rates, the concentration would probably decrease, which 
would result in a lower impact on the beach water than the model predicts. 
 
 
Table 5: Impact of the river on beach water bacteria 
 
 
2.5.4 Beach users sub-model 
 
The Guillén et al. (2008) model for predicting beach users has a fit accuracy (percentage of variation 
explained by model) of R2 = 61.0% for Nova Icaria and R2 = 40.4% for Andrea Doria. Fig. 16 shows the 
observed values versus model prediction. 
 
 
Fig. 16: Guillén et al. model for daily beach users at Nova Icaria and Hospital del Mar. 
 
  
Number of bathing days (per year) 
faecal coliforms > 2000 cfu / 100 mL
Percent of faecal coliforms 
from river (per year)
Percent of bathing days river contributes 
to faecal coliforms > 2000 cfu / 100 mL
Andrea Doria 4.58 9.89 10.46
Hospital del Mar 2.55 18.06 12.94
Nova Icaria 2.13 24.90 22.52
Bogatell 1.65 29.55 26.00
Mar Bella 1.90 33.25 31.26
Nova Mar Bella 2.13 36.33 35.72
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The model output for each beach is shown in Fig. 17 when there is there is no impact on recreational 
appeal. (The sewer network parameters used are those that represent the current situation: 50% 
direct runoff; stormwater collector capacity is 5.2 x 105 m3; and no outflow from the WWTP). There 
is no data to corroborate the results for beaches not analysed in Guillén et al. (2008). 
 
Fig. 17: Number of beach users when effect on recreational appeal is zero 
 
 
As described in Chapter 2.4.4, the recreational appeal model cannot be verified until a survey has 
been undertaken. Until then, the impact of: turbidity (suspended solids); beach closure caused by 
excessive faecal coliforms; beach saturation; and “ok conditions” on recreational appeal can be user 
defined in the model parameters and the effects measured during scenario analysis. “ok conditions” 
refers to an increase in recreational appeal when none of the other three events which decrease 
recreational appeal occurs. 
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The value of the impact on recreational appeal for each of these four scenario options can take one 
of five values from “zero” to “very high”. These values within the model were determined in the 
following way (Fig. 18). The value was calculated for “very high” sensitivity to turbidity (suspended 
solids) which would reduce recreational appeal over 4 years by 20% (for an average reduction of 5% 
a year) (Fig. 18 – Scenario 2). Similarly, the value was calculated for “very high” sensitivity to beach 
closure (faecal coliform limit exceeded) which would reduce recreational appeal by an average of 5% 
a year (Fig. 18 – Scenario 3). Next a value was sought for the value which would increase recreational 
appeal when neither turbid nor beach closure occurred (referred to as “conditions ok” in the figure). 
The “very high” value of this would counteract the “very high” values of turbidity sensitivity and 
bacteria sensitivity over four years, with the recreational appeal returning to 1 (Fig. 18 – Scenario 4). 
Note that the recreational appeal still increases and decreases during this time but the overall effect 
is neutral. Finally a “very high” value was sought for beach saturation when the increase in 
recreational appeal (“conditions ok”) was “very high”. The “very high” value of beach saturation 
would counteract the “very high” value of ok conditions.  Finally the values for “low”, “medium” and 
“high” for each of these four parameters were interpolated between the “very high” value and the 
“none” value (which is “0”). The final calculated values for the effect on recreational appeal by 
turbidity, beach closure (bacteria), beach saturation are listed in Appendix IV with other scenario 
options.  
Clearly, these values are estimates and ideally should be replaced by data corroborated by objective 
evidence in the future. It is also probable that the sensitivity to turbidity is dependent on the 
concentration of suspended solids (rather than a fixed value like the model uses).  
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Fig. 18: Effect of beach closure (bacteria) and turbidity on recreational appeal 
 
  
2.5.5 Economic evaluation sub-model 
The revenues from the bars and restaurants at each beach are shown in Fig. 19. However, as 
explained in Chapter 2.4.5, most of the revenues do not necessarily come from beach users but from 
customers who do not visit the beach. The revenues per year for all beaches combined in the current 
situation (50% direct runoff; stormwater collector capacity of 5.2 x 105 m3) and with no sensitivity to 
suspended solids or beach closure (bacteria) are €29.36 million. Even in the (unlikely) scenario where 
both sensitivity to suspended solids and bacteria are very high, and the value for increase in “ok 
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conditions” is zero, then revenues only fall to €29.33 million year-1 (0.13% decline). Clearly, the effect 
of water quality has a low impact on market value (revenues). However, the value on non-market 
value as calculated using the travel cost method is considerable. 
 
Fig. 19: Daily revenues of restaurants, restaurant-bars and bars 
 
 
The travel cost sub-model calculates the consumer surplus every day. However the aggregated value 
over the year (for 2.97 million visits to the beach) calculates the visit rate curve to be: 
𝑦 = 156.63 𝑒−0.0280𝑥  (𝑅2 = 0.91) 
And the demand curve to be: 
 𝑦 =  −35.755 log𝑒(𝑥) + 464.74 (𝑅
2 = 1.0) 
The total consumer surplus (per year) would therefore be €18.79 million, and the individual 
consumer surplus is €6.33 (when sensitivity to turbidity and bacteria are zero). This result is similar 
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to other research regarding calculation of consumer surplus using the travel cost method. The beach 
at Doñana Natural Park (Spain) was calculated as having total social welfare value of €12.9 million, 
and an individual consumer surplus of €16.61 for a zonal TCM (Martín-López et al. 2009).  
 
In the scenario where sensitivity to suspended solids and bacteria is very high and the value for 
increase in “ok conditions” is zero, the non-market value of the beaches falls to €13.25 million 
(decrease by 17.5%). 
 
2.6 System Output 
 
The System Output has two components – the calculation of the model output for all the connected 
sub-models for each scenario, and the presentation to the stakeholders. The model was run for a 
four-year forecast period. Following these calculations, the results were summarised and presented 
in two meetings with stakeholders. 
 
2.6.1 Scenario analysis  
 
The scenario options (Appendix IV) can be split in into two components – ecological and social. The 
principal ecological component is the analysis of increasing the capacity of the stormwater collectors 
as well as the direct runoff to the beach waters (As previously explained - this is determined by the 
geographical position of the collectors and the management operational decisions). The effect of 
these scenario options effects the number of bathing days (per year) in which the faecal coliform 
limit is exceeded (beach closure) and in which the water is turbid (Fig. 20). The current situation (5.2 
x 105 m3; 50% runoff) is compared against improving the direct runoff percentage and increasing the 
total stormwater collector capacity to those planned for construction (14.9 x 105 m3). There is not 
much decrease in “bacteria limit exceeded” and “turbid” bathing days by only increasing the 
collector capacity. There would also need to be a decrease in the direct runoff percentage. As 
previously discussed, it would be almost impossible to decrease to 0% so this is shown as a 
theoretical limit of the system. This doesn’t imply that the stormwater collectors are not effective 
because comparing the “current” situation to the scenario with “No collectors” – there has been a 
considerable improvement in the reducing the number of “bacteria limit exceeded” and “turbid” 
bathing days. 
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Fig. 20: Impact on “bacteria limit exceeded” and “turbid” bathing days for various stormwater 
collector scenarios 
 
 
A secondary ecological scenario option regarding the output of the wastewater treatment plant was 
not included as a management option, but rather to test a “disaster scenario” - the impact of a 
temporary failure of the underwater outflow of the WWTP. However, given that the “disaster 
scenario” would likely only last a few days at most, the overall impact this has on beach water 
quality and recreational appeal is close to zero. Although a purely hypothetical situation, the model 
can predict the impact on “bacteria limit exceeded” bathing days if the underwater outflow did not 
exist and if the effluent increased and was treated (Fig. 21). As expected, the beaches nearest to the 
WWTP (Nova Mar Bella) would receive the greatest impact. Clearly the underwater outflow has 
been very beneficial in maintaining the beach water free of bacteria. 
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Fig. 21: Wastewater treatment plant scenarios 
 
The social component of the scenarios is the impact that these ecological changes have on the 
number of beach users, and the economic effect this has on market goods and services (revenues 
from bars and restaurants) and on the non-market value of the beach (travel cost method). Table 6 
summarises these results. Note that the values for individual beach have been averaged for bacteria 
and turbidity, and aggregated for the number of beach users.  
 
The beach user sensitivity (to bacteria and turbidity) is currently unknown, so only the two extremes 
available in the scenario options are shown in the table: “none” and “very high”. The real sensitivity 
and thus the number of beach users, revenues and non-market value of the beach will likely be 
within this range. There is negligible difference in revenues between the various scenarios. Given a 
“very high” sensitivity, The “Planned with improved runoff” scenario would increase the non-market 
value of the beach by €1.27 million (8% increase) compared to the current situation. 
 
Also included in the table is the estimated cost of constructing the stormwater collectors, although 
the yearly operational costs are not included as there was no available data. 
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2.6.2 Sensitivity of output to changes in river flow and rain 
 
The two primary inputs that affect the bacteria and turbidity in the beach water are precipitation 
(CSO) and the nearby river. A sensitivity analysis on these inputs was analysed where the daily values 
of rain and river flow were both doubled and set to zero (Fig. 22). These scenarios are not user 
options within the model presented to the stakeholders, but are useful in analysing the individual 
impact of rain and the river. Rain has a greater impact than the river, on the number of bathing days 
where the bacteria limit is exceeded. Doubling rainfall increases the number of “bacteria limit 
exceeded” bathing days by 125%, in comparison to doubling the river flow which increases it by 40%.  
However rainfall has a lesser impact on turbidity compared to the river. Doubling rainfall increases 
the number of “turbid” and “very turbid” bathing days by 22%, in comparison to doubling the river 
flow which increases it by 66%. 
 
Fig. 22: Sensitivity analysis of the river and rain on bacteria and water clarity 
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2.6.3 Presentation to stakeholders 
 
The scientific team could not perform the output step as outlined by the SAF manual. Our 
stakeholder group had become reduced due to time and resource constraints as well as the previous 
decision by the scientific team of working with a small and operative group of stakeholders mainly 
linked to the administrative domain. For the output step we only had the continuing support of the 
Catalan Water Agency (ACA) - the principal stakeholder regarding water and coastal affairs at the 
regional scale. We performed two presentations at events hosted by ACA. The first was an in-depth 
meeting on 10th March 2010 in which only representatives and technicians for coastal affairs from 
ACA attended. The second presentation on 23rd March 2010 was at a meeting of The Commission for 
Coastal Affairs – a regularly organized forum between coastal stakeholders from all Catalonia (not 
just the local scale of Barcelona), including representatives from local administrations of coastal 
municipalities and agencies related to management and decision making in several issues concerning 
coastal zone management. At both meetings the scientific team consisted of three participants: The 
team leader (Dolors Blasco) who presented the SAF methodology, the model (presented here), 
results and conclusions; myself (Ben Tomlinson) and Sergio Sastre were also present in case there 
were technical questions regarding the ecological and socio-economic components of the model. 
 
Due to time constraints of the stakeholders, we were not able to prepare the scenarios together 
with them as outlined in the SAF manual. However during the first meeting, we consulted the ACA 
representatives on the relevancy and interest of the scenarios selected by the scientific team and 
they agreed they should be presented at the second meeting: The baseline scenario which 
represents the current situation; a scenario based on the current planned infrastructures 
(stormwater collectors); and a scenario in which the pumping station for the emissary of the 
wastewater treatment plant fails, releasing the sewage (either treated or untreated) into the coastal 
water. 
 
The presentation format for both meetings was limited to a power point presentation. The audience 
was not very diverse. Among the attendants there were policymakers, managers and technicians in 
the field of coastal affairs, and they were all used to receiving information presented in this format. 
The audience should not necessarily be considered as experts on the issue we presented but they all 
shared both sufficient knowledge and the technical skills to understand the concepts of the model 
and its implications. However certain technical terms were not well known, so the scientific team 
translated or clarified some of the concepts alien to the audience such as “stakeholder” as well as 
some technical details regarding the results. 
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2.6.3.1 Presentation to Catalan Water Agency 
 
The first presentation was prepared for four technical and managerial employees of ACA as well as 
the director for coastal affairs so that they could more fully understand the subject matter and 
determine whether it was suitable for the second meeting - The Commission for Coastal Affairs. Our 
institution and this peer group have worked together in several other projects so it was relatively 
easy to arrange. The meeting lasted around three hours in which the prime objective was to present 
both the SAF methodology and the application to the case study. One of the attendees had already 
participated in the SAF whereas the others had not. 
 
The results were presented in PowerPoint because it was an easy and familiar way of showing 
information for the audience. We were especially careful in choosing the indicators and the 
comparative scenario. The economic dimension was expected to be more difficult to understand so 
we tried to support results with newspaper pictures and news related to the issue in order to put it 
in context. Uncertainties, assumptions and data gaps were presented openly and transparently, 
during the presentation, explaining how calculations had been done, as well as the main weaknesses 
in the model. Explaining results in terms of order of magnitude instead of absolute numbers helped 
to express an approach not based in accuracy but in knowledge and understanding of a system and 
its performance. Due to the lack of data to verify the model, the results were described as a 
theoretical possibility rather than a high probability. Interestingly though, the model produced 
results which ACA had already suspected – that the efficacy of constructing further stormwater 
collectors to reduce water quality was debatable. Compared to the second presentation, the 
technical aspects were more fully developed and there was considerable time for discussion. At the 
end of the first meeting there was time to show the model running various scenarios, but the 
attendees chose not to run the model themselves. Screenshots of the model are shown in Appendix 
IX. 
 
We made copies of the presentation available to the attendees as well as a report (with model 
details, results and conclusions) completed as part of the SPICOSA project. They were able to 
comprehend the scientific information so no additional narrative information was needed.  
 
One of the objectives of the SAF and our model was to demonstrate to the stakeholders a broad 
overview of how the social-ecosystem works. The attendees understood this from our presentation 
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and expressed an interest in this approach. Although ecosystems as crucial assets for human well-
being is not an obvious link, the SAF has the ability of making this link clearer, portraying it in the 
same context as ecosystem variables (model) working dynamically, or at least showing a certain 
degree of change over time. The attendees regarded the SAF as innovative and interesting and 
thought it could aid in creating new knowledge on issues directly related to coastal management. 
They said that our work has contributed to a question they were interested in and felt they could 
understand the model and results. They were often presented with more complex models which 
were difficult to understand, and impossible to verify. Therefore it seems that this case study found 
a balance between complexity and usefulness for the end users. 
 
The attendees did not fully understand how a stakeholder (manager, technician or otherwise) can 
use the SAF. They asked about availability of material such as manuals (which was not publicly 
available at the time) as well as if our research institute would be involved in consultancy work for 
SAF applications. They expected us to be able to “sell” SAF as a methodological package to 
managers. They also suggested to us that for the second presentation we should include other issues 
which have been undertaken using the SAF methodology.  
 
2.6.3.2 Presentation to Commission of Coastal Affairs 
 
The second presentation was within the forum of The Commission for Coastal Affairs, in which 
around 50 participants attended and presented various issues regarding coastal management at the 
regional scale for Catalonia. Our presentation lasted 35 minutes, and the main objective was to 
briefly present the methodology of the SAF, followed by the case study described here. We knew 
from the beginning that time constraints would not allow for a deliberation session, so we focused 
on presenting the SAF and the results and possible application to the regional scale giving the 
example of the Barcelona pilot site, by including newspaper articles about possible future issues 
(sediment transport, infrastructures). We chose an average level of technical understanding in which 
the main concepts of the SAF were explained (such as stakeholder and social-ecological systems) but 
took into account that most of the audience work every day with coastal affairs so would be familiar 
with much of the terminology. The Economic dimension was explained more in depth since non-
market valuation is not a commonly used technique for this audience and many were familiar 
neither with these concepts, nor with the correct interpretation of the results. 
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The presentation had to be shorter than the first presentation, although the main points were 
presented. There was less technical details on the project itself and was very much focused on 
clarifying how the SAF methodology works, and how it could be useful for the attendees as well as 
the results from this case study. We demonstrated the model as screenshots during the presentation 
although not in too much detail, by displaying the hierarchical levels, and the different components 
(Appendix IX). We did not run the modelling software due to time considerations, and the results 
were more easily understood once shown aggregated as tables and figures. Before the second 
meeting we were recommended not to deliver any documents since it was a forum in which there 
were multiple objectives. 
 
There was no time for deliberation, but a few stakeholders approached us afterwards regarding the 
conclusion of the model. For example a manager of a coastal town further north of Barcelona was 
considering constructing stormwater collectors in the town but was unsure whether it would be 
beneficial. He asked if our model could be directly applied in the town. We responded it would only 
be useful depending on the amount of data (bacteria and turbidity) they had available. 
 
Additionally, the stakeholder that managed the sewerage network and stormwater collectors 
(CLABSA) who had declined to attend our previous meetings (but was present here) was now keen 
to share their time, data, and expertise with us, given that the model produced results that were 
contrary to their economics interests. They realized it would be prudent for them to participate in 
future iterations of the SAF regarding this issue. Unfortunately, given that the SPICOSA project was 
finishing, there was no time or resources to continue with this SAF application. 
 
Another participant commented on the reliability of data regarding bacteria. The person who raised 
this question was a professor of medicine who did not trust our results as she was generally sceptical 
of models. We offered to show her the model so she could understand our calculations. One of the 
objectives of the SAF is to simplify over-complex models and capture just the most important 
functioning components of the system. Perhaps if we would have had more time with this 
stakeholder, then we could have convinced her that our model was not too complex to understand. 
 
Other attendees asked us regarding the possibility of applying SAF in other places and issues, as well 
as the necessary time and resources.  
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2.7 Discussion 
 
There are two sets of conclusions that can be made from this application of the Systems Approach 
Framework. Firstly, there are conclusions that can be made from the modelling component of the 
application, and secondly there are conclusions related to the application as a whole – whether it 
met the objectives of the SAF, and what was learned during the process.  
 
2.7.1 Discussion of the model 
 
As previously discussed in System Output (Chapter 2.6) and openly declared during the stakeholder 
meetings, the model results should be considered as more of a theoretical possibility rather than an 
accurate prediction for a number of reasons. There are many unknown parameters which are either 
user definable in the scenario options (sensitivity of the beach users to turbidity, beach closure 
caused by bacteria, and over-crowding); have been calculated using the optimizer (dispersion of 
suspended solids and bacteria from the beach water); or simplifications of the real system due to 
lack of data (quantities of bacteria and suspended solids in CSO outflow, and the river). However, 
probably the most crucial lack in knowledge is the current functioning of the sewerage network, due 
to the fact that the stakeholder that had this knowledge initially chose not to participate in the SAF 
application. This problem might have been resolved had the SPICOSA project been able to continue 
for further iterations, which is a general problem of applied scientific research based on 3-4 year 
projects. There was a brief meeting with CLABSA following the end of the SPICOSA project where 
CLABSA offered to share their data and information, but there were not sufficient resources 
available to the scientific team to do so. Aside from this lack of data and knowledge, the observed 
data that was available was of a limited resolution (both spatially and temporally), and in the case of 
turbidity the data was subjective. This had the effect that the model became over reliant on 
parameters which have been calculated using the optimizer. It would be recommendable to verify 
these parameters by collecting high resolution data and comparing it to the model output. 
Obviously, this would be expensive in terms of time and resources. 
 
There were limitations found in using the modelling software (ExtendSim) as required by the 
SPICOSA project. ExtendSim is useful for modelling continuous systems in which delays and 
feedbacks are commonplace and critical to understanding the correct functioning of a system. 
However, there are difficulties in constructing models with a high spatial resolution in ExtendSim. A 
high spatial resolution would be necessary to improve the beach water quality model, for example 
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by using a geophysical hydrodynamic model. Another problem with ExtendSim is that the time-step 
and time-per-step have to be set for the entire model (rather than being definable for each sub-
model or component of a sub-model). This can slow the model considerably as many unnecessary 
calculations are performed per time-step. It should be noted that this problem can be alleviated to 
some extent by using the user programmable blocks instead of the predefined blocks in the 
software. However, using user-programmable blocks could create “black box” syndrome for the 
stakeholders which the SAF tries to avoid (as discussed in Chapter 1.4). 
 
Despite these limitations the model performs adequately when comparing the model results to the 
available observed data (System Appraisal – Chapter 2.5). The model output implies that the 
stormwater collectors have been useful in improving beach water quality in Barcelona, but there will 
be diminished returns in constructing more. The value of the beach is clearly large in terms of both 
non-market value and revenues generated in the nearby bars and restaurants. However, the impact 
changes in water quality would have on the recreational appeal of the beach is estimated to be low 
but further research is recommended to determine beach users’ sensitivity to beach closures 
(bacteria limit exceeded) and turbidity. 
 
Although there are many studies regarding the impact of CSO events in many cities around the world 
(Zoppou 2001, Cembrano et al. 2004, Rossi et al. 2005, Soonthornnonda and Christensen 2008), 
there are few studies specific to Barcelona. Suárez and Puertas (2005) found higher than previously 
reported pollutant loads in CSO events in Barcelona, but no first-flush effect. They recommend a 
more effective cleaning policy or the construction of separate sewerage systems to mitigate CSO 
events. However the impact this has on the beach water or its users was not investigated. This study 
is the first known to the authors which demonstrates the link of CSO events to beach water quality 
and subsequently to the beach users. 
 
Four other study sites within the SPICOSA project also analysed the impact of changes in water 
quality on tourism or beach users. Guimarães et al. (2012) used a contingent valuation method to 
analyse the impact of faecal coliforms in the Guadiana estuarine system. The average willingness-to-
pay was €47.14 (one-time payment) in order to achieve Blue Flag Award (BFA) status (good 
environmental quality) for all beaches within the estuary, by improving the wastewater treatment 
efficiency so 99% of faecal coliforms are removed. They also showed a strong correlation between 
the number of beach users and those beaches with BFA status. 
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Moncheva et al. (2012) applied the SAF in the coastal resort of Varna Bay, Bulgaria in order to model 
the impact of improvements in sewer systems and wastewater  treatment plants on the beach 
water. The primary indicator was Secchi depth calculated as a function of nitrogen loading and total 
suspended solids. The desired level of water clarity could be achieved if 80% of the rainwater was 
collected and treated before being released and WWTPs upgraded to remove 75% of nitrogen. 
Questionnaires were completed by a thousand randomly selected people to calculate the influence 
this impact could have on the attractiveness of the resort. Projected losses on the local tourism 
could be as high as €1230 million over 10 years if the €200 million investment in an improved 
wastewater treatment system was not undertaken.  
 
Franzen et al. (2011) analysed the impact of sewage from households and agriculture on the 
recreational appeal of the Himmerfjarden region in Sweden. The primary indicator was Secchi depth 
which depends primarily on nitrogen from wastewater treatment plant and nearby agriculture. 
Various scenarios were presented to stakeholders and a choice experiment elicited the willingness-
to-pay for each option. In the “most likely” scenario in which the WWTP reduced nitrogen 
concentration to 4 mg / L and a wetland was created to mitigate runoff from agriculture, 
improvements to the water clarity would have a net benefit of €19 million. 
 
Tolun et al. (2012) investigated changes in water transparency caused by wastewater and river 
runoff in Izmit Bay, Turkey. Using a contingent valuation survey, respondents are willing to pay on 
average €18.70 per year for better water quality, which is greater than the expected costs of 
constructing wastewater treatment plants to achieve this.  
 
In all four case studies, the researchers undertook some form of survey or questionnaire to elicit a 
value of the environmental good, or a price that the local population was willing-to-pay to improve 
the environmental conditions. It is not clear that their analysis actually influenced in the final 
decision making process although they all state that the stakeholder participation had been positive 
and helped to create social capital which would be beneficial in future deliberations. 
 
As previously explained the scientific team applied the modelling methodology as recommended by 
the SPICOSA project, which does not necessarily produce the most accurate model for any one 
component but tries to recreate the fundamental links between them, capturing the general 
functioning of the social-ecosystem. This leaves each component (or sub-model) susceptible to 
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criticism by specialists in that field of expertise. However, the results of the model are still useful and 
should be seen in the context of the SAF application as a whole. 
 
2.7.2 Discussion of the SAF application 
 
The SAF methodology does not intend to supply the “correct” answer to an issue or problem - it 
merely provides the stakeholders with a base from which to structure the debate. The model is just 
a tool that can provide further information, highlight complex processes, and clarify doubts. The 
scientists should not decide policy or make managerial decisions because this is the role of the 
stakeholders and policy makers, but they should be available to explain the implication of the model 
as well as its veracity and validity. It also allows stakeholders with no modelling background to be 
exposed to models and output results from various scenario and management options, as well as 
have direct contact with scientists. Sometimes scientists are seen as being aloof and difficult or 
intimidating to approach. The SAF can help to break these barriers. 
 
At the beginning of implementation of the SAF, an ad hoc forum was created for the relevant 
stakeholders to debate issues regarding the littoral areas of Barcelona. But due to time, resource, 
and personnel constraints, participation was less than exemplary. Towards the end of the SAF 
implementation, the scientific team discovered the existence of a regular organized forum between 
coastal stakeholders from all Catalonia (not just the local scale of Barcelona), the Commission of 
Coastal Affairs. The scientific team presented both the SAF methodology and the initial results of the 
model and their implication, as previously discussed in System Formulation and System Appraisal. A 
stakeholder who had previously declined the initial ad hoc forum attended this forum, and following 
the presentation, expressed interest in participating further in the process to help improve the 
model, possibly by supplying data and information. The forum of the Commission of Coastal Affairs 
was discovered late in the application of the SAF, and the fact that it was not identified earlier 
should be considered an oversight by the scientific team. Given the social capital already invested in 
this commission, it would have been preferable to apply the SAF here rather than creating ad hoc 
meetings as we did. 
 
This SAF application highlights an important aspect of participatory management. It demonstrates 
that a deficit in social capital (OECD 2001, Ostrom and Ahn 2010) can seriously deter any 
participatory management process. Even with pre-existing forums, they need to be at the correct 
scale for the chosen issue for the process to function adequately. However, for social capital to be 
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built, confidence between the stakeholders needs to increase. The SAF methodology offers an 
opportunity for this to occur. Through continuous iterations of the SAF, the stakeholders are likely to 
grow more confident with each other and observe the benefits in participation in the process. 
Increasing social capital is a lengthy process and cannot be achieved immediately, so it is not 
surprising that in our case study, the benefits started to appear only towards the end of the project, 
about three years after its initiation. The necessity of having a critical mass of scientists and 
stakeholders willing and interested in the SAF process is crucial to its success. Further iterations of 
the SAF could increase this social capital, improving participation and the decision making process. 
There needs to be real engagement between the stakeholders and not treat it just as a “game” or 
hypothetical situation for the interest only of the scientists. No management decisions regarding the 
stormwater collectors or other scenarios presented were made following the final stakeholder 
meeting. However, the application of the SAF demonstrated its ability to create and maintain social 
capital, which could be beneficial for future collaboration. 
 
A significant problem encountered whilst constructing the model was the lack of information 
(regarding the correct functioning of the sewerage and stormwater collectors) and a lack of data for 
calibration and verification. Similarly, the lack of social data on user perception of water quality 
weakened the implications of the model given that we could only present the results as a 
hypothetical possibility. These limitations made our presentation not very useful in the context of 
presenting strong quantitative results. However a quantitative result was not the main objective of 
our model, but improved data would have allowed a stronger numerical approximation and 
relevance. We emphasized the uncertainty in the model output but were confident that the orders 
of magnitude were correct. The software used was beneficial in constructing a model that the 
stakeholders could both easily understand (due to its hierarchical structure) and manipulate (drop-
down menus for running various scenarios). To some extent, this diminished the “black box 
syndrome” that many models suffer, and encouraged the stakeholders to further engage with both 
the model output and the deliberation process. A mathematical model would not always be 
necessary. Sometimes it would be sufficient to just have a conceptual model depending on the 
complexity of the issue. 
 
This application of the SAF was both experimental within the SPICOSA project and to the scientific 
team undertaking the study. There was probably not enough consideration when choosing which 
issue to study or which scenarios were the most relevant to the stakeholders involved in the 
meetings. This might have been caused by the lack of a social-scientist within the scientific team who 
 82 
  
could have highlighted these problems earlier and steered the investigation towards a more relevant 
or feasible issue. The importance of a true multidisciplinary approach, rather than one discipline 
attempting to apply its methodologies to other disciplines, is both challenging and relatively rare. 
The interaction of scientists with difference scientific backgrounds, expertise and opinions creates a 
dialogue such that fresh approaches can be applied. 
 
The current phase regime in Barcelona is one where typical coastline ecosystem services such as 
food production and fish nurseries have decreased, and in their place information services such as 
recreation and aesthetic appeal are favoured. This can be seen as either an implicit decision by the 
city’s residents or an unconscious adaptation to modern times. Either way, the residents may be 
unaware of the large costs (in energy, resources, money, and personnel) involved in maintaining the 
beaches in their current state. During shocks to the social-ecological system (e.g., general economic 
crisis, increase in price of energy, increased storm activity and erosion caused by climate change, 
sea-level rise), there might be less impetus by the public to continue with this sort of investment, 
and the beaches would slowly transform to a regime that does not require a constant input of 
exosomatic energy and resources in order to be perpetuated. Any type of resilience management 
has to examine this issue through the lens of this implication. Resilience Adaptive Management 
explores these issues and is further explored in the discussion (Chapter 4.3). The application of this 
first iteration of the SAF to the case study of Barcelona sufficiently explores various scenarios as 
requested by the stakeholders but from the perspective of a reduced temporal scale. Through 
further iterations, it would be possible to include shocks to examine the resilience of the social-
ecological system over a larger temporal scale. 
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3 Application 2 (VECTORS project) – Jellyfish, fisheries and beach users 
 
3.1 Background and context of the VECTORS project 
 
Before describing the details of this second SAF application, it is important to describe the context in 
which it was undertaken. Only then can we understand why certain decisions where taken, whether 
they were beneficial or detrimental to the process and what we can learn from the application as a 
whole. 
 
As we have previously noted, the SAF application is resource dependent in terms of time, money, 
knowledge, data, scientific personnel and other relevant stakeholders. A continual source of funding 
for a sustained period is therefore necessary to successfully apply a SAF methodology. Funding was 
applied for and granted within a Work Task of the four-year project “Vectors of Change in Oceans 
and Seas Marine Life, Impact on Economic Sectors” (VECTORS) - project reference 266445, as part of 
the European Commission’s Seventh Framework Programme (FP7-KBBE, 2007–2013, www.marine-
vectors.eu). The VECTORS project was a multidisciplinary project with more than 200 expert 
researchers from 16 different countries from 2011 until 2014, costing around €12 million. The work 
task relevant to this thesis is described as: 
 
“The modelling approach (System approach methodology and ExtendSim simulation models) that the 
Institut Ciències del Mar (partner CSIC ICM) has carried out for the project SPICOSA, will be used and 
refined, to combine existing knowledge and results acquired in the previous Tasks, and considering all 
the topics analyzed in detail, to evaluate economic, social and ecological futures in the Western 
Mediterranean Regional Sea. It will also provide a starting point for the dialogue with stakeholders 
and administrators in the Western Mediterranean Region.” 
(VECTORS Description of Work, page 48) 
 
The “previous Tasks” on which this Work Task was to be based are described below. These work 
tasks were grouped together in a “Western Mediterranean” section but each Task was to be carried 
out for a specific zone only (e.g. Catalan Coast, Oristano Gulf, Tuscano Archipelago), and not for the 
entire Western Mediterranean:  
  
 84 
  
 Quantify the temporal and spatial effects of fisheries on demersal communities. Current and 
future trends 
 Quantify temporal and spatial effects of climate change on pelagic species distribution 
 Jellyfish (indigenous and non-indigenous) outbreaks 
 Quantify the likelihood of extreme climate conditions leading to loss of coastal biodiversity 
through the environmental bootstrap method 
 Impacts on ecosystem and functioning 
 The impact of environmental changes on the ecosystem structures and function in near shore 
habitats 
 A dynamic bio-economic simulation model 
 A contingent valuation study 
(VECTORS Description of Work, page 46-48) 
 
The following step in a SAF application would then normally involve the convocation of the relevant 
stakeholders to begin a dialogue, in which an Issue is chosen, and the believed causes and effects, 
and possible “solutions” (prevention, mitigation or adaptation) of the problem are expressed. 
Contact was made with the stakeholders in who participated during the previous SAF application 
(SPICOSA) in March 2011: The Catalan Water Agency (ACA); The Fisheries Department of Catalonia; 
Barcelona City Council; Barcelona Port Authority. However they expressed a lack of willingness to 
engage due to a lack of human resources. There had recently been an economic downturn in the 
national economy with many cuts to local public services. This reduced their time to participate in 
experimental projects such as the SAF. Other stakeholders such as the port authorities and fishing 
organisations expressed an interest in receiving the results but did not have time to participate in 
the whole SAF process. 
 
The scientific team therefore chose to continue the application with the aspiration of demonstrating 
the SAF model and results at a later date if the stakeholders found the required resources to engage 
with the process. A SAF application would ideally not have such restrictions imposed on it, but given 
the constraints on external stakeholders, we decided that the best course of action would be to 
continue with the resources we had available. 
 
A meeting was held by the multidisciplinary scientific team of the SAF application, and the scientists 
involved in the other VECTORS project work tasks as described above, to agree upon a possible SAF 
model. It was obvious that not all work tasks could be included in a single social-ecological model, 
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given the weak interactions between such issues, often due to the geographical distance between 
where the issues occur. The issue as described below was decided upon because it was relevant to 
multiple work tasks within the VECTORS project, and was feasible given the knowledge and data 
available. Therefore this SAF application can be seen more as a traditional theoretical scientific study 
than the SPICOSA application in the previous chapter.  However, due to the complementary nature 
(different scientific domains) and the long experience of the scientists, this application can be seen 
as a partial SAF that will produce a portfolio of results than can be discussed with external 
stakeholders when the opportunity arises. 
 
3.2 Issue Identification 
 
It has long been suspected that the frequency and duration of jellyfish blooms are increasing within 
the Catalan Sea, although there is a lack of long term observations to confirm this (Purcell et al. 
2007, Pauly et al. 2009). The presence of jellyfish is a naturally occurring phenomenon (Gili et al. 
1988, Goy et al. 1989, Calvo et al. 2011, Condon et al. 2012), but in recent years various factors are 
thought to have increased the probability of large aggregated blooms forming including but not 
limited to: increased water temperature; over-fishing of predators and competitors; eutrophication; 
habitat modification (creating more surfaces for polyps3 to attach to) and translocation of non-native 
species of jellyfish via ballast water or ship hulls (Purcell et al. 2007, Richardson et al. 2009, Duarte et 
al. 2013).  
 
This increase in numbers can have a detrimental effect on a number of human systems including, 
but not limited to, stinging bathers (and beach users), clogging fishing gears, altering food-webs, and 
damaging aquaculture and coastal power plant operations (Purcell et al. 2007). In Catalonia, tourism 
is largely based on the “sun and beach” model (Ariza et al. 2008), with around 16 million visitors per 
year generating revenues of €14 billion per year (IDESCAT 2010) (Fig. 23). The arrival of jellyfish to 
coastal waters can have a negative impact on beach users and bathers, either by stinging the bathers 
or by reducing the recreational appeal of the beach. There are numerous cases where this impact 
has been significant and damaged the local tourist industry (Purcell et al. 2007, Richardson et al. 
2009). 
 
                                                          
3
 The polyp stage of jellyfish occurs once the fertilised eggs have hatched and formed free-swimming planula 
larvae. The planula larva attaches itself to a hard surface and transforms into a polyp. Once mature, part of the 
polyp buds off as a tiny jellyfish called ephyra. Not all jellyfish have a polyp stage. 
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Jellyfish are also known to interact with fisheries through their predation on the larvae of  
commercial fish species (Purcell et al. 1994, 2014, Purcell and Arai 2001, Sabatés et al. 2010) and 
competing with juvenile fish for food (Purcell and Grover 1990, Purcell and Arai 2001). Revenues 
from fisheries in Catalonia are declining with a current value of around €110 million (IDESCAT 2010) 
(Fig. 23). The majority of landings are from small pelagic fisheries: sardine (Sardina pilchardus) and 
anchovy (Engraulis encrasicolus) account for around 50% of total annual landings in Catalonia as well 
as generally in the Mediterranean (Lleonart and Maynou 2003, Palomera et al. 2007, IDESCAT 2010) 
(Fig. 24). 
 
Fig. 23: Tourism and fisheries revenues, Catalonia 
 
 
Fig. 24: Catches by species, Catalonia 
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The scientific team believed the impact of jellyfish on these social ecosystems would be of interest 
to numerous stakeholders, especially those involved in managing beaches, tourism, and fisheries. It 
was also thought there was sufficient data and knowledge to be able to construct a model capable of 
representing these issues accurately so the scientific team decided to proceed with designing a 
conceptual model. The hypothesis is that an increase in P. noctiluca in the coastal waters of 
Catalonia would: decrease the catches of the small pelagic fisheries; increase the number of P. 
noctiluca stranding events on Catalan beaches.  
 
3.3  System Design 
 
From this background knowledge, a general conceptual model had been formed where jellyfish had 
an impact on the small pelagic fisheries and tourist industry which would have a wider effect on the 
regional economy. The research team proposed to investigate the extent of each impact on each 
sector for a given change in jellyfish levels. This conceptual model also fulfilled the requirements of 
the project work task in which knowledge would be used from previous work tasks. 
 
However, many specifics, conditions and boundaries had yet to be determined. During the scientific 
team’s deliberations regarding the model, it became clear that one species of jellyfish would be 
focused upon: Pelagia noctiluca is common along the Catalan coastline and there is a relatively large 
data set regarding its presence and/or population; there were documented effects of predation 
upon anchovies (Sabatés et al. 2010); and it has a powerful sting which impacts on beach users. 
There are other species of jellyfish in the area but they are not as well studied and documented so 
were excluded from the model. 
 
Stranding risk of all jellyfish is shown in Fig. 25. There is a general trend where, heading from north 
to south, there is a high risk of strandings near Cap de Creus which decreases to a low risk as we 
approach Barcelona. Heading further south towards the Ebro Delta we see that the stranding risk 
increases again but not to the same extent as in the far north. It was decided that these three risk 
zones would be the basis for the model where calculations (for jellyfish and fisheries) would be 
made for each zone separately. This would be necessary in order to capture the difference in 
strandings across Catalonia. The three zones are called Girona, Barcelona and Tarragona after their 
adjacent provinces (see Fig. 27 below). 
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Fig. 25: Observations of jellyfish by species and location in Catalonia (Technical report Jellyfish 
Observation Campaign 2007-2009. ICM CSIC-Catalan Water Agency) 
    
 
The small pelagics were chosen as the focus for the fisheries component of the model for the 
following reasons: they are the largest fisheries in Catalonia; the evidence of predation by P. 
noctiluca upon anchovies; and the existence of a bio-economic model that could be adapted for the 
small pelagics. It should be noted that there is no evidence of predation by P. noctiluca upon 
sardines (due to the lack of scientific studies undertaken in winter when sardines spawn), but they 
form part of the same fisheries, and so were included in the model. Small pelagic fisheries are 
common along the entire Catalan coast with the exception of Cap de Creus and the Ebro Delta so 
these are considered the boundaries of the model (parallel to the coast). Small pelagics are fished in 
the area from the coastline (35 m depth) to the shelf break (200 m depth) so this is considered the 
boundary perpendicular to the coast. Within this SAF application, the three zones (Girona, Barcelona 
and Tarragona) are collectively referred to as Catalonia although it should be remember that this 
does not include Cap de Creus and the Ebro Delta. The approximate areas of each zone, Girona, 
Barcelona and Tarragona are 3200 km2, 3800 km2 and 2800 km2. 
  
There was a proposition of including an additional zone further off the coast in the open sea 
populated by P. noctiluca (although no fishing would occur there). P. noctiluca could migrate from 
this zone to any of the three coastal zones depending on hydrodynamic conditions. Similarly, it was 
initially planned that there could be migration between the coastal zones parallel to the coast. 
However, although it is known the P. noctiluca exist there, there is a scarcity of data regarding this so 
the conceptual model was simplified in which there are three separate zones which are populated 
by the small pelagics and P. noctiluca, and there is no migration between them. These limitations will 
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be discussed further in Chapter 3.7.1. The final conceptual model and location of study zones are 
shown in Figs. 26 and 27. 
 
Fig. 26: Conceptual model of VECTORS application model 
 
 
Fig. 27: Map of the three zones defined in VECTORS application model 
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3.4 System Formulation 
 
The model consists of four sub-models which will be described each in turn in this section.  In order 
to construct each sub-model, a brief review of the existing models in that category was undertaken, 
analysing the advantages and disadvantages of each. This was followed by a selection process in 
which the most suitable model was chosen. In some cases, there was only one suitable model so the 
selection process was automatic. 
 
3.4.1 Fisheries sub-model 
 
3.4.1.1 Review of available fisheries models 
 
Fisheries modelling has existed for over 100 years ever since early pioneers such as Petersen (1896) 
tried to quantify the size of a fish stock, Baranov (1918) calculated population size using natural and 
fishing mortality, and Hjort (1914) began to use age-structured models. It is beyond the scope of this 
study to write an exhaustive history of fisheries modelling (Smith 2002). Instead I’ll present some of 
the models considered by the scientific team and the advantages and disadvantages of each. If the 
reader would like an in-depth analysis of the most commonly used fisheries model currently in use, 
especially in the context of an ecosystem approach to fisheries then I recommend Plagányi (2007) 
produced for the Food and Agriculture Organization of the United Nations (FAO). 
 
When deciding which model would be the most suitable for the needs of a given study, there are 
many criteria which should be considered. When comparing the currently available models, Plagányi 
(2007) used the following criteria: 
 
 the level of complexity and realism, e.g. the number of modelled species, the representation of 
size/age structure of the species, and the types of processes represented (physical and 
biological); 
 the types of functional responses of predators to changes in abundance of prey species and their 
consequences and limitations; 
 how uncertainties in model structure, parameters and data are treated; 
 how environmental effects and interactions with non-target species (e.g. marine mammals; sea 
turtles; sea birds) are incorporated; 
 the spatial representation of species interactions and habitat related processes; 
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 model suitability for dealing with migratory species, i.e. species that cross ecosystem boundaries; 
 where possible, model adequacy to allow the analysis of the different types of management 
controls in use, such as effort control, minimum size, total allowable catch, protected areas and 
closed seasons; 
 model adequacy to allow the assessment of the effects of short, medium and long- term 
ecosystem changes; 
 model suitability to conduct assessment and policy exploration, considering the model’s potential 
use to conduct historical reconstruction of resources to describe the current status of the 
ecosystem and to evaluate the potential effects of various kinds of decisions (short and long 
term); 
 model transparency of operation and ease of use;  
 data requirements and model suitability for data poor areas. 
(Plagányi 2007) 
 
3.4.1.1.1 Minimally realistic models 
 
Fisheries models can be broadly split into one of two categories – either Minimally realistic model 
(MRM) (as coined by Butterworth et al. (1991)) or Ecosystem models. A MRM will only model the 
target (individual or multiple) species which are of interest to the study in question. This means they 
are generally system specific; only a small section of the ecosystem is modelled; and lower trophic 
levels and primary production are constant or vary stochastically but are not dynamic within the 
model. They are also referred to as Dynamic multi-species models when more than one species is 
modelled. 
 
There are many examples of such models, each varying in scope, objective, complexity and usability. 
A few key examples include:  
 
 Boreal Migration and Consumption model (BORMICON) (Stefánsson and Pálsson 1997, 
Stefansson and Palsson 1998) 
 Globally applicable Area Disaggregated General Ecosystem Toolbox (GADGET) (Begley and 
Howell 2004, Trenkel et al. 2004, Andonegi et al. 2011) 
 Mediterranean Fisheries Simulation Tool (MEFISTO) (Lleonart et al. 1998, 2003, Maynou et al. 
2006) 
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 Multi-species Virtual Population Analysis and Multi-species Forecasting Model (MSVPA and 
MSFOR) (Helgason et al. 1979, Pope 1991, Stokes 1992, Magnússon 1995) 
 Multi-species model for the Barents Sea (MULTISPEC) (Bogstad et al. 1992, 1997, Tjelmeland and 
Bogstad 1998) 
 
A key feature of the MRMs mentioned above is the low number of modelled species or groups, 
typically between 1 and 4, with the exception of MSVPA and MSFOR which usually models around 6-
8. The unit for the models mentioned above are all biomass – compared to some Ecosystem models 
described below which use nutrient pools. They can all model detailed representations of age 
structure but not physical and biological processes, with the exception of MULTISPEC and GADGET 
which can be linked to oceanographic circulation models. 
 
MSVPA and MSFOR, MULTISPEC, and MEFISTO use an efficient predator model where the predator is 
always able to consume its necessary resources of various prey species. The alternative is a hungry 
predator model where species compete with each other for limited resources. GADGET is an 
example of both an efficient and hungry predator model, depending on the way in which it is 
configured. These MRMs have no, or only minor, interactions with non-target species. Of these 
models only MULTISPEC and GADGET are spatially explicit, with specific parameters and variable for 
a given zone, and the possibility of migration of species between them. They all allow the analysis of 
various management controls such as limiting catches (spatially or temporally) and gear types, 
however they are poor at allowing the assessment of effects of ecosystem changes. Detailed 
stomach content data is necessary for MSVPA and MSFOR and MULTISPEC which makes it difficult to 
implement in areas without this. MEFISTO and GADGET are not so data intensive and can be 
adjusted to the data available.  
 
3.4.1.1.2 Ecosystem models 
 
Ecosystem models, on the other hand, have been designed to include most ecosystem components, 
and capable of including lower trophic levels and primary production. Various subsets of this genre 
occur with subtle differences between them: Whole ecosystem models try to simulate all the trophic 
levels of the ecosystem, whereas Dynamic system models try to include both the physical and 
biological forces interacting in an ecosystem. Often the classification into one of these sub-types 
depends on the way a specific model is constructed. 
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Examples of Ecosystem models include: 
 
 ATLANTIS (Fulton et al. 2004a, 2004b, 2005) 
 ECOPATH with ECOSIM (EwE) (Polovina 1984, Christensen and Pauly 1992, Walters et al. 1997, 
2000, Christensen and Walters 2004) 
 European Regional Seas Ecosystem Model (ERSEM) (Baretta et al. 1996, Baretta-Bekker and 
Baretta 1997) 
 Spatial Ecosystem and Population Dynamics Model (SEAPODYM) (Bertignac et al. 1998, Lehodey 
et al. 1998, 2003, Lehodey 2001) 
 Object-oriented Simulator of Marine ecosystem Exploitation (OSMOSE) (Shin 2001, Shin and 
Cury 2004) 
 
In general, Ecosystem models model large numbers of species or groups – typically in the range of 
10-30, although sometimes many more as is the case with the ATLANTIS where one implementation 
includes up to 61 groups (Kaplan et al. 2012). An exception from those mentioned above is the 
SEAPODYM which currently only explicitly models 3 tuna species. The model units for ATLANTIS and 
ERSEM are nutrient pools whereas the other models all use biomass. OSMOSE and SEAPODYM use 
an efficient predator model whereas ATLANTIS, ERSEM and EwE are hungry predator models (see 
Chapter 3.4.1.1.1 for definition). All these models can be age-structured (for vertebrates) and use 
aggregated biomass pools for primary producer groups. ATLANTIS is driven by physical and biological 
processes such as irradiance, temperature, nutrient inputs from point sources and boundary 
conditions. ERSEM needs light and temperature forcing functions. SEAPODYM can be coupled to 
biological and physical models but typically a time series of environmental data is used instead. EwE 
can include biological and physical process but only to a limited extent, whereas OSMOSE does not. 
ATLANTIS can represent discard and bycatches of target and non-target species well, but EwE only 
implements them to a lesser extent. The other models do not include this possibility. All these 
models include the interaction with non-target species (in the case of EwE and ATLANTIS this 
interaction is often the objective of the study) with the exception of ERSEM and SEAPODYM. 
ATLANTIS, OSMOSE and SEAPODYM are spatially explicit (for species interactions) whereas EwE and 
ERSEM are not, although ERSEM is spatially explicit for transport of plankton groups. ATLANTIS and 
SEAPODYM can handle the migration of species between cells whereas the others cannot. Unlike the 
other models mentioned above, EwE, ATLANTIS and SEAPODYM all include the possibility of allowing 
various management controls. ATLANTIS, ERSEM and SEAPODYM are all highly data intensive making 
them not suitable for data poor studies. EwE does not require as much as biogeochemical data as 
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these, but it does need hard-to-acquire data such as diet composition and species abundance 
estimates. OSMOSE is based on fairly general parameters and therefore the easiest to implement.  
 
Of all these MRM and Ecosystem models, the most widely used is EwE in part thanks to its user-
friendly interface, and continues to be improved, for example in its improvements to handle age-
structured groups. GADGET is often considered to be the most useful in terms of modelling 
management practices such as total allowable catches. ATLANTIS is considered the best model 
within a simulation testing framework although is difficult to implement due its data-intensive 
requirements. Models such as EwE and ATLANTIS are more useful for broad-scale questions such as 
the functioning of an ecosystem, whereas MRMs are generally more appropriate for analysing 
impacts on one specific target species. It is clear that no one model is the “best” and we have to look 
at our needs and available resources (data and time).  
 
 
3.4.1.2 Selection of fisheries sub-model 
 
With the increase in computational power and an emphasis on the ecosystem approach to fisheries, 
ecosystem models are becoming more popular. However they take longer to implement, are data 
intensive and are therefore often impeded by inaccurate parameter estimation. A complete 
representation of the entire ecosystem may not be necessary depending on the objectives of the 
model application. The model used should only be as complex as is necessary to capture the key 
interactions within an ecosystem. Including more species-groups should increase the realism of the 
representation of the ecosystem but this assumes that all the parameters can be accurately 
estimated. Reducing some of these groups might not necessarily reduce the predictive accuracy of a 
given model if the model parameters are estimated robustly. For example in a model of the 
Benguela ecosystem, Yodzis (1998) found that any link that represents less than 10% of consumption 
(either as predator or prey) could be removed without affecting the overall outcome of the model.  
 
As can be seen from this brief review of a few of the available fisheries models, there are many 
similarities and differences between them. To decide which model would be the most suitable for 
our study, we need to look at our requirements for the investigation, the available data and expert 
knowledge, and the capacity to program the chosen model.  
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The fisheries sub-model would need to have the following characteristics: 
 
 Dynamic representation of anchovies and sardines – individual and population growth, natural 
and fishing mortality, recruitment. 
 Monthly temporal resolution – necessary in order to capture the predation of P. noctiluca upon 
the small pelagic larvae 
 Spatially explicit - three zones would be required (for the jellyfish stranding sub-model)  
although it would be possible to simply run the same model for each zone with the relevant 
parameters, as there is no migration between the three zones 
 Calculate economic benefits (landings) and costs of small pelagic fisheries 
 Trophodynamic modelling not necessary – small pelagics have a trophic level of around 3, 
feeding on zooplankton and phytoplankton, and the factors that most influence their 
abundance are fisheries and sea surface temperature (Palomera et al. 2007) 
 No ecosystemic changes – predation of P. noctiluca on the small pelagics has not caused a 
systemic change in the trophic structure 
 The model has to be implemented relatively quickly – it is one sub-model of a larger model 
 
A review of relevant models already implemented in or near the study zone are listed below: 
 
 MEFISTO – Hake in the Catalan Sea (Lleonart et al. 2003) 
 MEFISTO – Red shrimp in the Catalan Sea (Maynou et al. 2006) 
 MEFISTO – Demersal and pelagic species in Western Mediterranean (Maynou 2014) 
 EwE – 40 functional groups in South Catalan Sea (Coll et al. 2006) 
 
Following a discussion among the scientific team, it was decided that no one model was perfect for 
our needs. There was an initial interest in either attempting to implement EwE or ATLANITS models 
for the study but it became clear that both models would take a long time to construct and there 
was probably not enough data for either. The model would become dependent on adjusting many 
unknown parameters to achieve a stable output, without the certitude that the parameters 
reflected the reality of the system. There was also not much need for an entire ecosystem model as 
the primary point of interest was the impact of jellyfish on the small pelagic fisheries. 
 
The most suitable model for this study would be the MEFISTO model although a few alterations 
would have to be made – principally the temporal resolution. In previous implementations, 
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MEFISTO ran at a time-step of one year, which would be insufficient to catch the predation of P. 
noctiluca on the small pelagic larvae which only occur for a few months each year (anchovies in 
summer, sardines in winter). Our fisheries sub-model would therefore have to run at a time-step of 
one month. Additionally, the reproduction or recruitment models would have to be altered. 
MEFISTO uses a recruitment function where each cohort produces a number of fish with age 0 
(years) the following year.  In our model fish would produce larvae (at certain months of the year) 
with age 0 (months), and with each time-step (of 1 month) the larva would become 1 month older 
turning into juveniles and then mature adults (each with specific parameters related to their 
maturity, natural mortality and fishing mortality). The difference in time-step and recruitment 
between MEFISTO and our fisheries sub-model is shown in Fig. 28 for a hypothetical fish that only 
spawns four months a year, with a lifespan of four years. Note that each reproduction arrow for 
each age class has its own unique value for both models. 
 
Fig. 28: Recruitment model for MEFISTO and fisheries sub-model 
 
 
An additional problem was the lack of spatial dimension to MEFISTO. In order to model jellyfish 
stranding in three separate zones, the interaction with the fisheries would also need to be modelled 
in the same zones. Although there is probably migration of small pelagics along the Catalan coast, 
there is not exact data to model this. So for simplicity, it was decided that the model would be 
repeated for each zone with no migration. In the event that further data becomes available, 
migration between the zones could be included. 
 
MEFISTO was designed to predict future landings and fish populations for given management 
decisions such as limiting effort, altering selectivity regulations or changes to subsidies and taxes. 
The objective of our model is to analyse the impact of P. noctiluca predation on small pelagic 
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fisheries. So certain aspects of MEFISTO could be simplified. For example, stochastic elements from 
the growth and mortality equations were removed; and the market and fisherman boxes were 
excluded. This would help clarify the impact just of the P. noctiluca in the event that all else is static.  
 
3.4.1.3  Fisheries sub-model description 
 
The following equations describe the fisheries sub-model. Note that a and t (age and time) both 
have the same unit - months. So at each time-step in the model (one month), the cohort ages by one 
month – i.e. a and t both increase by 1. In our study, these equations are calculated six times for 
each time-step (month) - once for each of the three zones (v), and once for each of the two target 
species (i) (sardines and anchovies) within each zone. See Appendix X for a table of the symbols, 
definitions and units for the model parameters and variables. 
 
The number of individuals at age a (in months) for a given cohort, at time t is defined by: 
 
𝑁𝑎+1,𝑡+1  =  𝑁𝑎,𝑡𝑒
−𝑍𝑎,𝑡  
 
𝑍𝑎,𝑡 is the total mortality (per month) for a cohort with age a > 0 at time t: 
  
𝑍𝑎,𝑡   =   
𝐹𝑎,𝑡  +  𝑀𝑎,𝑡
12
  
 
𝐹𝑎,𝑡 is the fishing mortality and 𝑀𝑎,𝑡   is the natural mortality for a cohort with age a at time t. 
 
In the case where a = 0, before calculating the growth in population, there is predation by P. 
noctiluca on the larvae (i.e. fish at age 0): 
 
𝑁0,𝑡  =  𝑁0,𝑡 − 𝐽𝑡 
 
Where J is the consumption of fish larvae by P. noctiluca at time t. (See Chapter 3.4.2 for further 
details on the jellyfish sub-model). Note at a ≠ 0, J = 0. 
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The average number of individuals during age a is therefore calculated by: 
 
𝑁𝑎,𝑡  =  𝑁𝑎,𝑡  
1 − 𝑒−𝑍𝑎,𝑡
𝑍𝑎,𝑡
  
 
(Note that in this model there are no discards, and catchability is ignored (given a value of 1) so 
fishing effort = fishing mortality.) 
 
Using the von Bertalanffy equation for individual growth: 
 
𝑙𝑎  =  𝐿∞(1 − 𝑒
−𝑘(𝑎−𝑡0)) 
 
The relative growth in weight (grams) is given by: 
 
𝑤𝑎  =  𝐴 ∙ 𝑙𝑎
𝐵 
 
The mean biomass (tons) for an age-class cohort a is (converted from grams to tons): 
 
𝑩𝑎,𝑡  =  𝑁𝑎,𝑡  𝑤𝑎   × 10
−6 
 
So the total mean biomass for the whole stock is: 
 
𝑩𝑡  =  ∑ 𝑩𝑎,𝑡
𝑚
𝑎=1
 
 
where m is the maximum age (in months). 
 
The catch (tons) of a cohort with age a at time t is: 
 
𝐶𝑎,𝑡  =   
𝐹𝑎,𝑡 𝑩𝑎,𝑡
12
 
 
(Fishing mortality converted from yearly to monthly rate) 
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So the total catch at time t is: 
 
𝐶𝑡  = ∑ 𝐶𝑎,𝑡
𝑚
𝑎=1
  
 
The total catch for a year is therefore: 
 
𝐶𝑦𝑇  = ∑  ∑ 𝐶𝑎,𝑡
𝑚
𝑎=1
2𝑇+11
𝑡=2𝑇
 
 
Where T is the time in years. 
 
The spawning stock biomass (SSB) (tons) is calculated as a function of mean biomass and proportion 
of mature fish (𝐺𝑎,𝑡) for a given age a at time t. 
 
𝑆𝑆𝐵𝑎,𝑡  = 𝑩𝑎,𝑡 𝐺𝑎,𝑡  
 
The SSB for all age classes with a maximum age m is: 
 
𝑆𝑆𝐵𝑡 = ∑ 𝑆𝑆𝐵𝑎,𝑡
𝑚
𝑎=1
 
 
The SSB for all age classes for a given year T is: 
 
𝑆𝑆𝐵𝑦𝑇  = ∑  ∑ 𝑆𝑆𝐵𝑎,𝑡
𝑚
𝑎=1
2𝑇+11
𝑡=2𝑇
 
 
In MEFISTO and other fisheries models, the SSB is used to calculate recruitment at time t+1 for a 
population at time t using equations based on SSB – recruitment possible functional relationships 
such as Constant recruitment, Beverton and Holt’s model or Ricker’s model (Myers 2002). As 
previously explained, these equations are not adequate for our fisheries sub-model where the time-
step is one month (as opposed to one year), and the number of larvae produced is required so that 
the effect of predation by P. noctiluca can be included. The (yearly) SSB is calculated in this model 
because it is a common metric output of other models, and therefore is included here too. 
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Reproduction of the population is calculated for every t, creating new members of the population 
with a = 0. 
 
𝑁𝑜,𝑡  =   ∑ 𝑁𝑎,𝑡 ∙  𝑆𝑎 ∙ 
𝑚
𝑎=1
𝑠𝑡 𝑚𝑜𝑑 12 + 1 
 
Where S is the fecundity (defined here as the number of larvae produced at t + 1) of the species at 
age a, and s is a modifier of the fecundity depending on the month of the year where  
 
𝑠𝑇 = ∑ 𝑠𝑡 𝑚𝑜𝑑 12 + 1
2𝑇+11
𝑡=2𝑇
 = 1,       ∀ 𝑇 
 
(Note that the modifier s assumes that the model simulation starts in January at t = 0. If the 
simulation is started in a different month, this must be adjusted accordingly). 
 
Revenue (P) (euros) for each fleet (v) and species (i), where there is one fleet per zone is: 
 
𝑃𝑣 =  1000 ∑𝐶𝑖 𝑝𝑖  
𝐼
𝑖=1
 
 
Where 𝐼 is the number of species, 𝐶 is the catch (tons) and p is the price (€/kg) per species. 
 
Therefore revenue for all fleets (and all zones (V)) for a given year (T) is: 
 
𝑃𝑦𝑇 =  1000 ∑  ∑  ∑𝐶𝑖 𝑝𝑖
𝐼
𝑖=1
𝑉
𝑣=1
2𝑇+11
𝑡=2𝑇
 
 
Costs (euros) are based on the descriptors from the 2013 Annual Economic Report of European 
Union Fisheries (Anderson and Carvalho 2013), adapted to the economic costs model of MEFISTO 
(details in Maynou et al. (2006)). 
 
Total monthly costs Co are the sum of the following six variables, Co1 to Co6: 
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𝐶𝑜𝑣 = 𝐶𝑜1𝑣 + 𝐶𝑜2𝑣 + 𝐶𝑜3𝑣 + 𝐶𝑜4𝑣 + 𝐶𝑜5𝑣 + 𝐶𝑜6𝑣  
 
The trade costs, Co1, for each fleet v are calculated as a percentage of revenues, to pay for VAT, 
fisherman association taxes, labour taxes and other local taxes. 
 
𝐶𝑜1𝑣 = 𝑐1𝑣 ∙  𝑃𝑣 
 
The daily costs, Co2 relate to expenses incurred daily such as fuel, food and repairing fishing 
apparatus are calculated as a function of effort.  
 
𝐶𝑜2𝑣 =
𝑁𝐹𝐷𝑣 
12
(𝑓𝑝𝑣 ∙ 𝑓𝑐𝑣 + 𝑖𝑐𝑒𝑣 + 𝑜𝐷𝐶𝑣) 
 
The labour costs depend on the revenues and trade and daily costs. The value c3 is the percentage of 
the profits that is given to the crew (and the rest to the owner of the vessel) known as the “monte 
menor” in Spanish. 
 
𝐶𝑜3𝑣 = 𝑐3𝑣  (𝑃𝑣 − 𝐶𝑜1𝑣  − 𝐶𝑜2𝑣) 
 
Compulsory costs (𝐶𝑜4) are those fixed annual costs which are not dependent on fishing effort such 
as harbour costs, licences, insurance. Maintenance costs (𝐶𝑜5) are those variable costs which are 
needed to keep the vessel in good working order. They are both expressed as a percentage of total 
annual costs. 
 
𝐶𝑜4𝑣 =
𝑎𝑛𝑛𝑢𝑎𝑙𝐶
12
∙ 𝑝𝑒𝑟𝑐𝐹𝐶 
 
𝐶𝑜5𝑣 =
𝑎𝑛𝑛𝑢𝑎𝑙𝐶
12
∙ 𝑝𝑒𝑟𝑐𝑉𝐶 
 
The opportunity cost is the forgone cost of deciding to invest the capital in fishing activity instead of 
some other mutually exclusive activity. 
 
𝐶𝑜6𝑣 = 
1
12
∙ 𝑐6 ∙ 𝐾𝑣 
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The fisheries sub-model input data can be found in Appendix XI. 
 
3.4.2 Jellyfish sub-model 
 
3.4.2.1 Review of available jellyfish models 
 
There exist few ecological models considering jellyfish dynamics despite increasing calls for them to 
be included in marine ecosystem models (Pauly et al. 2009, Richardson et al. 2009). This is likely 
caused by a number of factors such as lack of knowledge and data as well as the separation of 
jellyfish scientists and fisheries scientists (Pauly et al. 2009). 
 
Ecopath with Ecosim models have sometimes included jellyfish, but normally individual species are 
not identified and are aggregated to a single functional group, with the notable exceptions of Trites 
et al. (1999) and Walters et al. (2005). EwE models balance the flow of mass to analyse changes in 
the ecosystem. Whereas most EwE models use wet weight biomass in their calculations, jellyfish are 
normally recorded in databases such as SeaLifeBase and Fishbase as dry weight. Pauly et al. (2009) 
state that the parameters of Jellyfish in EwE models (such as consumption per biomass) are 
unacceptably variable, possibly due to inconsistencies in reporting jellyfish as dry or wet mass. This 
may be caused by the incorrect use of wet-biomass specific parameters which are biased for 
jellyfish as the majority of their “biomass” consists of water. These inconsistencies prohibit the easy 
implementation of jellyfish within EwE models. As previously discussed in Chapter 3.4.1.2, the 
scientific team thought that the implementation of an EwE model would be difficult for our study 
site given the lack of available data and knowledge uncertainties. 
 
In contrast to these EwE models which try to include the dynamics of jellyfish within the ecosystem, 
other studies have implemented models where changes in the jellyfish population are autonomous. 
A matrix population model was used to model Pelagia noctiluca in the Gulf of Trieste (northern 
Adriatic Sea) by Malej and Malej  (1992).  Matrix population models are used where a given 
population grows within an unlimited environment using matrix algebra.  
 
A population N at time t can be modelled using the standard population equation, referred to as the 
BIDE (Births Immigration Death Emigration) model: 
 
𝑁𝑡+1 = 𝑁𝑡 + 𝑏𝑖𝑟𝑡ℎ𝑠 − 𝑑𝑒𝑎𝑡ℎ𝑠 + 𝑖𝑚𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑒𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 
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The population is divided into groups (classes), either as a discrete age-structured model known as a 
Leslie matrix (Leslie 1945), or as a life stage model – a Lefkovitch matrix (Lefkovitch 1965). The 
population can grow to the next class, stay in the same class (loop), shrink to the previous class, or 
die. These value of births, deaths, immigration, emigration, grow, loop and shrink are specific to 
each class of the population, and will therefore implicitly include information of the ecosystem in 
which they populate. A projection matrix is built which explicitly and implicitly includes all this 
information. At each time-step t, the population vector (number of individuals in each class) is 
multiplied by the projection matrix to produce the population vector at time t+1. 
 
Malej and Malej  (1992) constructed their P. noctiluca matrix population using a modified Leslie 
matrix with a time-step of one month. The graphical presentation of the model is shown in Fig. 29. 
Each class is based on the size of the diameter of the jellyfish. Class 1 can grow (G1), loop (L1) or die 
(D1). The other classes can also shrink (e.g. Class 2 to class 1 - S21). Additionally only mature (≥ Class 
3) jellyfish can reproduce (e.g. Class 3 – R3). It is assumed that each class can only grow or shrink by 
one class in each time-step (month). There is also neither immigration nor emigration. 
 
 
Fig. 29: Graphical representation of P. noctiluca matrix model (Malej and Malej 1992) 
 
 
This graphical representation of the model is represented as matrix algebra as shown in Fig. 30. The 
population of each class (nt) is then multiplied by the projection matrix (M) at time t to calculate the 
projection matrix at time t+1 (nt+1). The values for loop (L), growth (G) and shrinkage (S) are the 
proportion for each class which either stay in their class (loop) or leave their class (shrinkage or 
growth). Note that mortality (D) is not explicitly declared in the matrix, but can be calculated as the 
proportion of the class that do not loop, grow or shrink – i.e. subtract from 1 the sum of 
probabilities of a column of M (excluding reproduction R). For example the mortality for Class 2 (D2) 
is calculated as: 
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𝐷2 = 1 − (𝐺2 + 𝐿2 + 𝑆21) 
 
 
Fig. 30: Projection Matrix of the P. noctiluca matrix model (Malej and Malej 1992) 
       M                   ∙   nt     =     nt+1 
[
 
 
 
 
𝐿1 𝑆21 𝑅3 𝑅4 𝑅5
𝐺1 𝐿2 𝑆32 0 0
0 𝐺2 𝐿3 𝑆43 0
0 0 𝐺3 𝐿4 𝑆54
0 0 0 𝐺4  𝐿5 ]
 
 
 
 
   
[
 
 
 
 
𝑛1𝑡
𝑛2𝑡
𝑛3𝑡
𝑛4𝑡
𝑛5𝑡]
 
 
 
 
    
[
 
 
 
 
𝑛1𝑡+1
𝑛2𝑡+1
𝑛3𝑡+1
𝑛4𝑡+1
𝑛5𝑡+1]
 
 
 
 
 
 
Whereas most matrix models keep the matrix coefficients fixed, Malej and Malej  (1992) adapted 
their model to reflect temporal changes so that the jellyfish only reproduced from April to 
November, with a change in reproduction rate between spring and summer-autumn. Their final 
matrix model with the coefficients for each season is shown in Fig. 31: 
 
 
Fig. 31: Projection matrices with coefficients for each season (Malej and Malej 1992) 
Spring (April - May)    
[
 
 
 
 
0 0 0.30 0.70 0.75
0.60 0.15 0.10 0 0
0 0.65 0.30 0.10 0
0 0 0.45 0.55 0.10
0 0 0 0.15  0.10 ]
 
 
 
 
 
 
Summer-autumn (June - November)  
[
 
 
 
 
0 0 0.50 0.80 0.85
0.60 0.15 0.10 0 0
0 0.65 0.30 0.10 0
0 0 0.45 0.55 0.10
0 0 0 0.15  0.10 ]
 
 
 
 
 
 
Winter (December - March)   
[
 
 
 
 
0 0 0 0 0
0.60 0.15 0.10 0 0
0 0.65 0.30 0.10 0
0 0 0.45 0.55 0.10
0 0 0 0.15  0.10 ]
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3.4.2.2 Selection of jellyfish sub-model 
 
For our model, the jellyfish sub-model needed to fulfil the following criteria: 
 Model the population dynamics of P. noctiluca throughout the year with a monthly time-step 
 Include the ephyra life stage as a separate class – this is the stage that has been documented as 
feeding on anchovy larva 
 Spatially explicit across three zones 
 Possible migration between zones 
 The ability to vary bloom size from year to year - to analyse impact of possible increases (or 
decrease) in population levels on fisheries and beach strandings. 
 
An EwE model would need to be implemented as an ecosystem model including the fisheries sub-
model. However, due to the same considerations when deciding upon the fisheries sub-model, an 
EwE model was deemed to be too complex for the needs of the project whilst also problematic in 
parameterisation. The matrix population was considered as more appropriate although there would 
have to be some adaptations to fulfil the required criteria. Apart from being able to model the 
ephyra class (a necessary requirement), there was also the advantage that the model designed by 
Malej and Malej (1992) analysed the same species of jellyfish as our model. Disadvantages in using 
the matrix population model would be the inability to analyse ecosystemic effects. These changes 
and limitations will be discussed further in the Jellyfish sub-model description. 
 
3.4.2.3 Jellyfish sub-model description 
 
The model by Malej and Malej (1992) was reproduced and analysed and a sample output for ephyra 
P. noctiluca (class 1) and mature adult (classes 3-5) P. noctiluca for one year is shown in Fig. 32. The 
model predicts that Ephyra are relatively constant from April to November with a slight decrease in 
June, but are completely absent the rest of the year. Mature adults are highest in January and 
decrease until May when they start to recover and increase every month until January. This dynamic 
does not reflect the situation in the Western and Central Mediterranean where adult pelagic 
cnidarians are most numerous during spring and early summer and decrease thereafter (Gili et al. 
1987, Rosa et al. 2013).  
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Fig. 32: Population dynamics of P. noctiluca ephyra and mature adults from the Malej and Malej 
(1992) model 
 
 
An additional problem in the possible use of the Malej and Malej (1992) model is the non-isolation 
of the ephyra stage from smaller stages. Anything smaller than 1.0 cm was classed as “ephyra” 
implying that mature adults directly produce the ephyra stage with no intervening stage. In reality 
mature P. noctiluca adults produce eggs which develop into the planula stage. The planula develop 
into ephyra followed by immature medusa and finally mature medusa. Unlike many cnidarians, 
there is not a polyp stage.  
 
For these reasons it became clear that a new population matrix model was required, adding a lower 
level class before ephyra, and re-parameterising the other coefficients. For our needs there was not 
much need to distinguish the jellyfish by size, whereas it was important to identify the various life 
stages of the jellyfish, therefore a Lefkovitch matrix model would be used (instead of a Leslie 
matrix). Lefkovitch matrix models are also advantageous when it’s difficult to determine the age of 
an individual and birth and death rates are dependent on the stage rather than age (Lefkovitch 
1965). The graphical representation of P. noctiluca matrix model is shown in Fig. 33 and the 
Projection matrix shown in Fig. 34. A dummy class (n1) was introduced to represent the egg and 
planula stages but should not be considered the actual population size of either or both stages. It is 
merely a mathematical construct to distinguish and link between the Mature (n4) and Ephyra (n2) 
stage. Classes 3-5 in the Malej and Malej (1992) model were combined in our model to a single class 
(n4). 
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Fig. 33:  Graphical representation of P. noctiluca matrix model 
 
 
Fig. 34: Projection Matrix of the P. noctiluca matrix model 
M          x nt     =     nt+1 
[
𝐿1 0 0 𝑅4
𝐺1 𝐿2 0 0
0 𝐺2 𝐿3 0
0 0 𝐺3 𝐿4
]    [
𝑛1𝑡
𝑛2𝑡
𝑛3𝑡
𝑛4𝑡
]    [
𝑛1𝑡+1
𝑛2𝑡+1
𝑛3𝑡+1
𝑛4𝑡+1
] 
 
Construction of matrix population models requires a large number of parameters to be calculated 
and in some cases estimated. It is not realistic to expect to have complete knowledge of the 
population in question over a considerable time span for a specific study zone. The collection of 
such data would be too costly and variable over time to attain statistical perfection. Caswell (2006) 
identifies four types of data which can be used to populate a population matrix: 
 
 Identified individuals: Data in which individuals are observed and tracked over time. 
 Population time-series: Data in which a sequence of populations are observed and recorded 
over time. 
 Stable age or stage distributions: Data of a single population with the assumption that 
population structure is stable. 
 Stage durations: Data on the duration of stages in their life cycle. 
 
Malej and Malej (1992) estimated their parameters using a combination of population time-series 
and stage durations based on growth and mortality rates and average life expectancy. Although 
there is some data regarding the population of P. noctiluca in the Catalan Sea, the temporal (and 
spatial) resolution is not sufficient to parameterise a matrix population model. Therefore data was 
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sought elsewhere in a zone with similar water temperature and oligotrophic conditions. Between 
January 2008 to January 2011, Rosa et al. (2013) recorded the abundance, size frequency 
distribution, growth and reproduction of P. noctiluca at two study sites in the Straits of Messina 
(Central Mediterranean). Data was extracted from Rosa et al. (2013) and the parameters estimated 
using the methodology in Caswell (2006) (See Appendix XII). The parameterised projection matrix is 
shown in Fig. 35.  
 
 
Fig. 35: Projection matrix with parameters 
February – September:  [
0.350 0 0 0
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
 
October – January:  [
0.350 0 0 2436
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
 
 
In order to estimate the initial population of P. noctiluca, data was used from the FISHJELLY research 
project. During June 2011, samples were taken from around 80 stations along the Catalan coast 
extending out to the shelf. This data was divided into the zones used in this study, and the average 
concentration for P. noctiluca ephyra and adults was calculated. A summary for the concentration of 
ephyra and adults for each zone is shown in Table 7: 
 
 
Table 7: Concentration of P. noctiluca for each zone (FISHJELLY data) 
 
 
 
 
These values are relevant for June but the model starts in January. Therefore the input value for the 
dummy variable was adjusted until the model produced approximately the same number of adults 
(mature and immature) in June. The input values for the initial population are shown in Table 8. 
 
Ephyra 10 m-2 Adults 10 m-2
Tarragona 237 0.548
Barcelona 488 0.500
Girona 26 1.067
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Table 8: Expected adults in June and Initial population of “dummy” P. noctiluca 
 
 
 
 
The fisheries sub-model requires an input of the total predation J of jellyfish on each species of fish 
larvae. The predation rate j (fish larvae eaten per month by each individual) was determined from 
the literature and then multiplied by the overall jellyfish population at time t in each zone. The 
predation rate is specific to each species of fish i and for each (life stage) class c of P. noctiluca. 
 
𝐽𝑖,𝑡  =   ∑𝑗𝑖,𝑐 ∙ 𝑛𝑐,𝑡
4
𝑐=2
 
 
There is a scarcity of data in the literature regarding the predation rate due to the large amount 
resources necessary to calculate it. We found no references in the literature regarding the predation 
of P. noctiluca on sardines (larvae or adult) so for our initial analysis J was set to 0 for sardine. 
 
The predation rate of P. noctiluca on anchovy larvae was calculated using data collected along the 
Catalan coast in June 1995 (Sabatés et al. 2010). A transect perpendicular to the coast near 
Barcelona with four stations were sampled over a five day period. The stations were located in 
coastal waters (40 m depth), over the shelf (70-80 m depth), the front (1000 m depth) and in the 
open sea (>2000 m depth). P. noctiluca ephyrae were counted and samples from their gastric 
pouches identified. The highest concentrations of P. noctiluca ephyrae were found at the front, 
whilst none were found in the coastal water station (Table 9). Although total consumption of fish 
larvae was greatest at the front, the highest consumption rate was at the shelf. The estimated 
digestion time of fish larvae in the gastric pouch of P. noctiluca is 3 hours (Purcell et al. 2014) so the 
predation rate per hour is calculated by: 
 
𝐹𝑖𝑠ℎ 𝑙𝑎𝑟𝑣𝑎𝑒 𝑒𝑎𝑡𝑒𝑛 𝑝𝑒𝑟 𝑒𝑝ℎ𝑦𝑟𝑎 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 =  
1
𝐷𝑖𝑔𝑒𝑠𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
 ∙  
𝑇𝑜𝑡𝑎𝑙 𝑓𝑖𝑠ℎ 𝑙𝑎𝑟𝑣𝑎𝑒 𝑒𝑎𝑡𝑒𝑛
𝐸𝑝ℎ𝑦𝑟𝑎𝑒 𝑒𝑥𝑎𝑚𝑖𝑛𝑒𝑑
 
 
Anchovy larvae are located at around 50 m depth during the day and come to the surface during the 
night (Olivar et al. 2001, Sabatés et al. 2008). P. noctiluca are often found deeper during the day and 
Expected adults in June Initial "Dummy" population 
Tarragona 156 x 106 1.51 x 1011
Barcelona 187 x 106 1.86 x 1011
Girona 312 x 106 3.37 x 1011
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only come to the surface at night (Sabatés et al. 2010). Therefore for these calculations we 
estimated a maximum predation time of 12 hours per day, and the predation of rate of fish larvae 
per month is shown in Table 9.  This is possibly an overestimate according to recent studies and is 
more likely to be around 8 hours/day (personal communication V. Fuentes). Sabatés et al. (2010) 
also recorded the species of fish larvae consumed at each station - the predation rate on anchovy 
(“Anchovy larvae eaten per ephyra per month”) is shown in Table 9.  
 
 
Table 9: Feeding rate of P. noctiluca ephyra. Data taken from Sabatés et al. (2010) 
 
 
 
 
As an initial value for the model, the predation rate (for P. noctiluca ephyra on anchovy) was set as 
0.269. The predation rate is fixed throughout the year although the total predation will change 
depending on the population of the jellyfish. This estimation does not take into account the 
concentration of anchovy larvae compared to other P. noctiluca prey. There is no data regarding the 
predation rate of adult P. noctiluca on anchovy, and so was initially set to zero. 
 
One of the objectives of the model is to be able to test hypothetical scenarios in which there are 
increased blooms for a specific set of years. The cause of these blooms is not clear although many 
drivers have been proposed including climatic, physical, physicochemical and biological forcings. 
Canepa et al. (2014) summarise the literature which have proposed various forcings which could 
explain jellyfish blooms in the Mediterranean. Given the complexity of the issue and the lack of 
knowledge specific to the study zone, it was decided that these forcings would be outside the 
model’s boundary. To mimic a bloom the model permits the user to introduce at a given time, for a 
specific zone, an increase in any of the P. noctiluca classes. The increase can either be absolute or 
multiplicative. Matrix population models can only predict the relative changes in each class for a 
population, so the initial population is fundamental in determining the final population at the end of 
the model run. Therefore if there is an artificial increase (or decrease) in the population then this 
will become the “normal” population until the end of the run. For our model, we only want a 
Shelf Front Sea
Ephyrae examined 145 4400 1135
Total fish larvae eaten 2 26 5
Fish larvae eaten per ephyra per hour 0.005 0.002 0.001
Fish larvae eaten per ephyra per month 1.655 0.709 0.533
Anchovy (%) - 38 -
Anchovy larvae eaten per ephyra per month - 0.269 -
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“forced” bloom to last one year and then return to the normal background level. (If the user wants 
the bloom to be repeated, then it is possible to specify this in the model). Therefore, at the time of a 
“forced” bloom the model records the currently population of each class. This recorded population 
replaces the population one year later regardless of what the projection matrix predicts.  
 
3.4.3 Stranding Sub-model 
 
3.4.3.1 Review of stranding models 
 
There exist a number of factors which can influence the arrival of jellyfish to the coast and strand 
themselves on the beach. Although stranding can occur during the whole year, the highest 
concentration of P. noctiluca occur on Catalan beaches during June and July, decreasing as summer 
continues. P. noctiluca is most abundant around the shelf-slope front (Sabatés et al. 2010). Rubio 
and Muñoz (1995) predict that blooms occur most frequently under the following condition: Low 
winter rainfall causes high offshore primary production; a south easterly wind perpendicular to the 
Catalan coast, push the jellyfish towards the coast during April. High temperature and low rainfall in 
late spring-summer weaken the front and allow the jellyfish to arrive at the coast. Canepa et al. 
(2014) analysed the association between jellyfish stranding and prevailing wind direction 
aggregated weekly  for 2007-2010 using Generalised Additive Models. They discovered most 
stranding events coincided with a wind direction between 100° and 250° (approximately 
perpendicular towards the coastline), although stranding events also occurred with all wind 
directions at low wind speeds. 
 
There are no stranding models specifically for P. noctiluca although it is probable they will be 
influenced by the same previously mentioned factors for jellyfish in general. A similar analysis to 
Canepa et al.  (2014) was undertaken for P. noctiluca stranding (instead of all jellyfish) in each zone 
for the data from May to September, 2007-2010. Density weighted daily stranding events (for all 
beaches in a zone) were plotted against the aggregated weekly wind vector towards the coast for 
each zone, shown in Fig. 36. A positive wind vector indicates towards the coast, whereas a negative 
vector is an offshore wind. 
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Fig. 36: P. noctiluca stranding vs weekly wind      
 
Although there was a positive correlation between wind and stranding events in all three zones it 
was low and very weak. For a linear regression between wind and stranding events, R2 values range 
between 0.0028 and 0.0703. In Girona, it appears that there are more stranding events when the 
wind direction is offshore. Given the poor correlation of the wind-stranding model, it was obvious 
there must exist other more important factors which influence stranding. Canepa et al. (2014) 
suggest that the population of jellyfish in the coastal waters are crucial in determining the arrival to 
the beaches. We therefore decided to investigate a possible correlation between P. noctiluca in the 
coastal waters compared to strandings. 
 
 
3.4.3.2 Stranding model description 
 
Historical data of P. noctiluca stranding events (Catalan Water Agency) during the summer months 
of 2007-2010 along the Catalan coast was analysed and separated into the three zones for our 
study. A stranding event is where a beach within the zone where P. noctiluca stranding occurs for 
one of three degrees of density: “Type 1” has less than ten individuals per beach. “Type 2” has 
between 10 individuals per beach and less than 1 individual m-2, and “Type 3” has greater than 1 
individual m-2 (Canepa et al. 2014). Table 10 shows the average number of each type of stranding 
event per month per zone. The average Type 1, 2 and 3 stranding proportional to each other are in 
the ratio 1 : 0.124 : 0.051. So for example, for 100 Type 1 stranding events, there also would occur 
approximately twelve Type 2 and five Type 3 stranding events. These ratios are used in determining 
the overall density of each stranding event. 
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Table 10: P. noctiluca summer strandings 2007-2010 
 
 
 
 
 
There is not sufficient sample data to be able to directly compare the quantity of coastal water P. 
noctiluca to stranding events. Therefore the modelled adult P. noctiluca population (which was 
calculated from observed data) was compared against the historical stranding data. This stranding 
rate (“Type 1” stranding events per coastal water population) is shown in Table 11. 
 
 
Table 11: Stranding rate of P. noctiluca per coastal water population 
 
 
 
 
The model was run and the stranding events (calculated by the stranding rate per zone) were 
compared against a separate run which used the same average stranding rate for each zone. The 
difference between the two models was negligible, so in order to keep the model as simple as 
possible the average stranding rate was used in the final model.  
 
  
May June July August September
Type 1 < 10 indiv. 2.75 15 7.25 8.75 2.5
Type 2 >10, < 1m-2 0.75 1.75 0.75 1 0.5
Type 3 > 1m-2 0.5 - 0.5 - -
Type 1 < 10 indiv. 1.25 6.25 3.75 3.75 0.75
Type 2 >10, < 1m-2 - - 0.5 - -
Type 3 > 1m-2 - - 0.75 - -
Type 1 < 10 indiv. 9 23.25 2.25 5.75 5.25
Type 2 >10, < 1m-2 3.25 3.75 0.5 0.5 0.5
Type 3 > 1m-2 1 3.5 - - 0.25
Girona
Tarragona
Barcelona
Tarragona Barcelona Girona Average
May 1.34 0.51 2.20 1.35
June 9.65 3.35 7.48 6.83
July 6.47 2.79 1.00 3.42
August 11.22 4.01 3.69 6.31
September 4.71 1.18 4.95 3.61
Stranding rate (indiv. x 10-8)
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3.4.4 Local economy sub-model 
 
3.4.4.1 Review of local economy models 
 
The model as previously described has a number of outputs for each zone (Tarragona, Barcelona 
and Girona), or for all zones together (Catalonia). The fisheries sub-model produces the following 
outputs: Fish population; spawning stock biomass; catches; revenues; losses; and profits. The 
Jellyfish and stranding sub-models produce the following outputs: P. noctiluca population; and 
stranding events. These outputs could be the final output of the model. However, it would also be 
beneficial to analyse the impact of changes in P. noctiluca population on the local economy 
(Catalonia), as the tourism sector is much larger than the fisheries sector both in terms of revenues 
and employment. An economic impact analysis (EIA) could determine whether changes in jellyfish 
blooms would impact more on the tourist sector or the fisheries sector, and how these changes 
would further influence revenues and employment within the region outside of these sectors. 
 
There are number of ways in which economic impacts can be measured (Weisbrod and Weisbrod 
1997): 
 Revenues (also referred to as output) 
 Value added – increases in local employee wages plus profits. (Also known as gross 
domestic regional product (GDRP) 
 Wealth which includes property and other assets 
 Personal income (wages plus other sources of income) 
 Employment 
 
Each of these direct impacts can then have other effects on the regional economy. Indirect effects 
can occur when the business or sector that is directly affected increases or decreases its trade or 
services within other sectors. So in the case of an increase in fishing revenues, the fishermen might 
improve or repair their equipment or employ more workers. Similarly this could change spending 
patterns of workers in the both the sector in question and those indirectly affected, such as changes 
in spending on food, clothing and other consumer goods. This is known as an induced impact. 
Finally, these direct impacts can cause long-term changes in the productivity and performance of 
other sectors, known as dynamic or catalytic effects (Weisbrod and Weisbrod 1997). Typically EIAs 
compare the economic activity between two scenarios - one where the event that causes the 
impact occurs, and one where it does not. 
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The standard method for undertaking an EIA is using an Input-output model (I/O model). Other 
more complex econometric and general equilibrium models exist which use the I/O model as a base 
but also forecast future economic and demographic changes. However, the standard I/O model is 
published by most developed countries as part of their national accounts, and standards have been 
set by the United Nations under the System of National Accounts (SNA) (EC et al. 2009).  
 
Wassily Leontief built upon François Quesnay’s tableau economique (Quesnay 1758) and Léon 
Walras’ general equilibrium theory (Walras 1874), to create a matrix of economic sectors showing 
the effect each would have on the other sectors. Leontief simplified the calculations by assuming 
that the inter-trade relations are fixed over the short term (Leontief 1986). Although this made the 
computations feasible, it should be remembered that any results obtained from an I/O model are 
approximations and are not valid for medium to long-term forecasts.  
 
Assuming that the regional economy as n sectors each producing xi goods. For sector i to produce 1 
unit of a good, it needs to use aij units from sector j, then the input-output matrix A is written: 
 
𝑨 = [
𝑎11 ⋯ 𝑎1𝑛
⋮ ⋱ ⋮
𝑎𝑛1 ⋯ 𝑎𝑛𝑛
] 
 
Each sector sells some of its output to other sectors. The rest is sold to consumers and is known as 
final demand d. So for sector i, the total output is equal to the sales to all the other sectors plus 
demand for sector di: 
 
𝑥𝑖 = 𝑎𝑖1𝑥1 + 𝑎𝑖2𝑥2+ . . . + 𝑎𝑖𝑛𝑥𝑛 + 𝑑𝑖 
 
This is equivalent to; 
 
𝒙 = 𝑨𝒙 + 𝒅 
 
and can be solved by rewriting as (where I is the identity matrix): 
 
𝒙 = (𝑰 − 𝑨)−1𝒅 
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The matrix 𝑩 = (𝑰 − 𝑨)−1 is known as the Leontief inverse matrix. There are two types of inverse 
matrices. The type I inverse matrix is as previously described, and measures how much output of 
each sector is needed to produce one unit of the sector in question. A type II inverse matrix also 
includes an additional row and column (therefore it will have dimensions n + 1) to include 
compensation and consumption of workers.  
 
Changes in demand d is multiplied by the Leontief inverse matrix B to calculate the direct, indirect 
and induced changes required in production of x. The coefficients of B are called Leontief multipliers.  
 
The output multiplier O is the sum of all outputs of other sectors necessary to produce one unit of 
output for sector j: 
 
𝑂𝑗 = ∑𝑩𝒊𝒋
𝑛
𝑖=1
 
 
The employment multiplier E determines the change in employment in all sectors for a given change 
in output in sector j: 
 
𝐸𝑗 = ∑
𝑤𝑖𝑩𝒊𝒋
𝑤𝑗
𝑛
𝑖=1
  
 
where w is the number of full-time employees per euro in each sector. 
 
In order to construct the input-output matrix, a huge amount of data is needed. Many countries 
publish input-output matrices many years after the data was initially collected due to the large time 
resources required. Given that input-output matrices have been used many times to analyse 
changes in national and regional economies, and the lack of any other well-established competing 
methodology, it was decided this methodology would form the basis of our local economy sub-
model. 
 
3.4.4.2 Description of local economy sub-model 
 
For this study there were not the resources to construct an input-output matrix. However the 
Catalan Institute of Statistics (IDESCAT) publishes an input-output matrix with Leontief multipliers 
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every 5-6 years for the whole of Catalonia (IDESCAT 2010). The most recent published input-output 
model was based on calculations for 2005, detailing 65 sectors (or products), the Leontief inverse 
matrix and three Leontief multipliers: output; employment (per €1 million); and value added 
(IDESCAT 2010). The methodological framework used is that recommended by the European System 
of Accounts (European Commission 2010). The complete input-output matrix, (type I) inverse matrix, 
and multipliers are available online (IDESCAT 2010) but Table 12 shows the sectors relevant for this 
study. There is one sector relevant to the fisheries sub-model and three sectors potentially related 
to the jellyfish stranding sub-model (tourism).  
 
The “Output” Leontief multiplier means that for every €1 change in output (or revenue) for the 
fisheries sector, there would be €1.35 change in output for the Catalonia. The “Employment” 
multiplier is the change in employment per million euros. So a €1 million increase in fisheries 
revenue would increase employment by approximately 19 people in Catalonia. Therefore according 
to the input-output matrix multipliers, equivalent changes in tourism sectors would have a greater 
impact than fisheries on GDRP in Catalonia (higher output multipliers) whereas the effect on 
employment would be lower (lower employment multipliers). 
 
Table 12: Tourism and fisheries multipliers of the input-output model (IDESCAT 2005) 
 
 
 
 
 
One of the outputs of the fisheries sub-model is revenues so this can easily be applied to the input-
output model to calculate regional changes in output and employment. However, the jellyfish 
stranding sub-model does not calculate the change in demand on any of the tourism related sectors. 
Of the three tourism sectors in Table 12, if there is an impact caused by jellyfish stranding, it will 
likely be on hotels and restaurants near the impacted beach as the tourists choose to visit other non-
impacted beaches. As part of the VECTORS project, researchers in a separate work task carried out a 
IDESCAT sector Output Employment
Fisheries Fisheries, Aquaculture and related 
services 1.35 19.07
Hotels, camping and other types of 
accommodation
1.51 16.54
Restaurants, beverage establishments, 
and provision of pre-prepared meals
1.48 13.92
Travel agencies and tour operators 1.53 9.22
Tourism
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stated-choice experiment to ascertain the impact of jellyfish stranding on beach users (Nunes et al. 
2015). They used a stated-choice questionnaire and a Random Utility Model to estimate the 
quantified tourism losses caused by the presence of jellyfish at the beach. During the summer of 
2012, 644 questionnaires were completed by beach users in eight Catalan beaches to elicit 
preferences regarding the following attributes of a given beach: (1) risk of presence of jellyfish, (2) 
beach water quality, (3) infrastructure and amenities, (4) additional travel time to reach the beach 
being considered (Nunes et al. 2015). 
 
3.5 System Appraisal 
 
The System Appraisal step is to verify the output of each of the sub-models as well as the complete 
model once the sub-models have been connected together. The final step within System Appraisal is 
to complete the scenario analysis. 
 
3.5.1 Fisheries sub-model 
 
The first step in verifying the fisheries sub-model was to ensure the program ran as intended. Input 
data was taken from a study using MEFISTO (the model on which our fisheries sub-model was based) 
analysing the red shrimp (Aristeus antennatus) fisheries in the Catalan Sea  (Maynou et al. 2006). 
Our model would not be able to replicate the exact same output as this study because we have not 
programmed the possibility of dynamic decisions regarding behavioural rules of the fishermen such 
as changing effort, investing in the capital of the boat and bank loans (In the fisheries sub-model in 
this study, fishing effort is fixed and there is no reinvestment or possibility of banks loans). Despite 
these differences between the models, the output is similar as can be seen in Fig. 37 which shows 
the catches for the model from Maynou et al. (2006), and catches for our fisheries sub-model with 
the same input parameters. 
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Fig. 37: Catches of red shrimp in Barcelona MEFISTO model (Maynou et al. 2006) and fisheries sub-
model 
 
 
Following this initial verification of the software mechanics of the fisheries sub-model, it was then 
run with the input data for anchovies and sardines as described in Appendix XI for a 12 year period. 
This can be seen as analogous for the time period between 2010 until 2020 with an initial two years 
for the model to stabilise, given that the input data is based on 2002-2009. The model output was 
then compared against verifiable data. Note that in this section we exclude the predation of jellyfish 
on sardines and anchovies in order to analysis the functioning of the model against historic data. The 
impact of different magnitudes of jellyfish blooms is analysed in the scenario analysis (Chapter 
3.6.1). 
 
An initial comparison was made between the model output for spawning stock biomass (SSB) and an 
estimate based on the Western Mediterranean GSA06 zone (Cardinale et al. 2010) for Catalonia.  
The estimate is used because there is neither SSB data specific for each zone nor for Catalonia. 
However we have estimated that approximately 58% of GSA06 anchovy landings and 43% of GSA06 
sardine landings occur in Catalonia (See Table 29 in Appendix XI for calculations). This approximation 
was compared against the model output as shown in Fig. 38. The estimated SSB data should be 
taken with caution as it is not necessarily an accurate measure of the SSB for Catalonia, but the 
model produces a value for SSB similar to the average over the previous years. 
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Fig. 38: Sardine and Anchovy SSB for Catalonia – model vs data approximated from GSA06 
 
The model output for catches in each zone for anchovies and sardines was then compared with the 
officially published port data (IDESCAT 2010) (Fig. 39). The model reflects the approximate catches 
for each zone and species, although it is unable to capture the various year-to-year changes. 
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Fig. 39: Anchovy and sardine catches – model vs data 
 
 
 
The revenues generated by anchovy and sardine catches are shown in Fig. 40, compared against 
data gathered from the ports in each zone (IDESCAT 2010). 
 
  
 122 
  
Fig. 40: Anchovy and sardine revenues – model vs data 
 
 
 
Larvae abundance was then compared against data taken from the literature as shown in Fig. 41. 
The data from Sabatés (1990) was aggregated over Catalonia whereas the data from Olivar et al. 
(2003) was taken from an area similar to the Tarragona zone is this study.  The larvae abundance for 
the model is approximately the same each year so only one twelve month period is shown (the first 
year of simulation, following a two year period allowing for the model to stabilise). 
 
  
 123 
  
Fig. 41: Anchovy and sardine abundance per 10m2. Model vs data taken from Sabatés (1990) and 
Olivar et al. (2003) 
 
 
It should be noted that the standard time-step for the model output is in months. The previous 
outputs have been converted to years to facilitate comparison with recorded data which has been 
collated in years. When the output is viewed per month, there is an oscillating pattern due to the 
spawning cycle of anchovies and sardines (Fig. 42). 
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Fig. 42: Monthly SSB, catches and revenues for anchovy and sardine in each zone 
 
 
 
 
In general, the model produces results similar to observed (and estimated) data. It is unlikely that 
any model would be able to capture the real variation in catches and fisheries population due to the 
many complex factors involved. What is important for this model is to be able to approximately 
capture the average indicators. 
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3.5.2 Jellyfish sub-model 
 
The ten year output for the jellyfish sub-model using the initial conditions described in Chapter 
3.4.2.3 with no forced blooms is shown in Fig. 43. During the calculation of the matrix population 
model, a noise-free artificial time series was constructed using data from Rosa et al. (2013) as 
recommended by Caswell (2006) (See Appendix XII for further details). In this constructed time 
series, over the year there are approximately 55% more immature individuals compared to mature 
individuals. The projection matrix (calculated from this constructed time series), produces a time 
series in which there are approximately 35% more immature than mature individuals over a year. 
This difference is almost certainly an artefact of the way in which this projection matrix was 
constructed – i.e. by starting with the largest class size and consecutively calculating the lower class 
sizes. Ideally, the projection matrix should be constructed by using the simultaneous performance of 
all the parameters (Caswell 2006). However given the lack of observed data at the lower class sizes 
(dummy and ephyra), greater confidence was placed in the higher classes which had observed data 
(immature and mature) and thus the projection matrix was constructed starting with the higher 
classes. 
 
Fig. 44 shows a comparison of the sub-model output for one year against data collected in June 2011 
during the FISHJELLY project. “Adult” P. noctiluca is the aggregation of immature and mature classes 
from the matrix population model. The model produces a concentration of adults similar to those 
observed from the collected samples. In Girona, the model also correctly reflects the number of 
sampled ephyra, but underestimates it in both Tarragona and Barcelona.  
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Fig. 43: Concentration of P. noctiluca for each class in population matrix model 
 
 
 
The ratio of ephyra to adults from the FISHJELLY data are 432:1, 976:1 and 24:1 for Tarragona, 
Barcelona and Girona respectively. A given population matrix model will always predict the same 
ratio between classes at a given point in time, so it would be impossible to accurately reflect this 
data using this type of model unless a population matrix was constructed for each zone. Given that 
the adult population of P. noctiluca is greater in Girona (approximately equivalent to Tarragona and 
Barcelona combined), and the population of ephyra for the population matrix model was estimated 
using an average for the whole of Catalonia (see Appendix XII) the model tends to produce the 
ephyra-adult ratio similar to Girona rather than Barcelona or Tarragona.  
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Fig. 44: Comparison of model against data for concentration of P. noctiluca 
 
3.5.3 Stranding sub-model 
 
The model stranding events for each density type and zone are compared against the observed data 
(averaged over three years as described in Chapter 3.4.3.2.) in Fig. 45. (Type 1 stranding density has 
fewer than 10 individuals per beach. Type 2 has greater than 10 individuals per beach and less than 1 
individual m-2. Type 3 has greater than 1 individual m-2). The model underestimates stranding events 
in Tarragona whereas overestimates in Barcelona. For Girona, the model sometimes underestimates 
strandings (May, June and September) but overestimates in other months (July and August). 
 
 
Fig. 45: Summer stranding events for adult P. noctiluca 
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3.5.4 Local economy sub-model 
 
The input-output matrix cannot be independently verified because of restricted access to the 
original data set. However the matrix was built using standard guidelines (European Commission 
2010) and qualified professionals (IDESCAT 2005) so there is a high level of confidence in the final 
result. It should be noted here that the matrix is an accurate reflection of the year in which it was 
produced, and therefore any predictions using the multipliers are relevant only for the short term 
(see Chapter 3.4.4). 
 
3.6 System Output 
 
Three ten-year scenarios of the complete model were run using varying input levels of P. noctiluca 
blooms. The output of the jellyfish sub-model as described in Chapter 3.5.2 can be considered the 
background level of P. noctiluca which is always present in the coastal waters of Catalonia. Historical 
data for all jellyfish (not just P. noctiluca because the data does not exist during this time) is shown 
in Fig. 46 for 2000-2010. During this 11 year period, when compared to the years with the fewest 
sightings, there are approximately five years when the quantity is three times as large, and two years 
when there are twice as many sightings.  
 
Fig. 46: Jellyfish sightings per beach observation (Catalan Water Agency) 
 
 
If we assume this is a typical decade (there is not sufficient data to corroborate this), then we can 
mimic these yearly changes in our input levels for P. noctiluca as shown in the “Expected blooms” 
scenario across all three zones as shown in Fig. 47. Additional scenarios were also tested where only 
the background levels of P. noctiluca are present as shown in the “No blooms” scenario. Finally we 
can see what would happen if there was a strong bloom (approximately three times as large) every 
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year for a decade in the “Frequent blooms” scenario. Note that the “immature” and “mature” 
classes are aggregated to “Adult” in this figure as these are the groups that affect the fisheries and 
the stranding model respectively, but the model calculates each of the four jellyfish classes 
separately. 
 
Fig. 47: P. noctiluca blooms for each scenario 
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3.6.1 Scenario analysis - fisheries 
 
The effect of changes in P. noctiluca blooms for each scenario on the anchovy fisheries is shown in 
Fig. 48. An increase in P. noctiluca blooms causes a reduction in SSB and thus catches and revenues 
in each of the study zones. The expected annual anchovy catches and revenues in each zone is 
shown in Table 13, and the change in anchovy catches and revenues of No blooms and Frequent 
blooms compared to Expected blooms is shown in Table 14. (The change in percent is the same for 
catches and revenues because the price of anchovy is fixed during the forecast period).  Over the 
average ten year forecast period, there would be an estimated 5.1% increase in anchovy catches per 
year when comparing the No blooms scenario to Expected blooms. On the other hand, under the 
Frequent blooms scenario there would be a loss of anchovy catches by 2.6% per year when 
compared to Expected blooms. Girona is the most affected by the change in scenario of the three 
zones in absolute terms due to the larger size of its anchovy fisheries. However, Barcelona is 
relatively more impacted by changes in blooms although the difference is similar between zones. It is 
also noted that the reduction or increase in catches is greatest towards the end of the simulation, 
implying that the changes would continue to reduce (in the No blooms scenario) or increase (in the 
Frequent blooms scenario) when compared to the Expected blooms. 
 
 
Table 13: Expected annual anchovy catches and revenues for each scenario 
 
 
  
Catches (T) No blooms Expected Frequent
Tarragona 1747 1676 1640
Barcelona 1545 1462 1420
Girona 2742 2603 2533
Catalonia (Total) 6034 5740 5593
Revenues (€M) No blooms Expected Frequent 
Tarragona 2.85 2.74 2.68
Barcelona 2.52 2.39 2.32
Girona 4.48 4.25 4.14
Catalonia (Total) 9.85 9.38 9.14
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Fig. 48: Impact of changes in P. noctiluca blooms on anchovy SSB, catches and revenues 
 
 
Table 14: Percent change in annual anchovy catches and revenues relative to Expected blooms 
 
 
Yearly average Last year Yearly average Last year
Tarragona 4.2 8.8 -2.1 -4.8
Barcelona 5.7 12.2 -2.9 -6.7
Girona 5.3 11.3 -2.7 -6.2
Catalonia (Total) 5.1 10.8 -2.6 -5.6
No blooms Frequent blooms
 132 
  
 
 
Given that in this scenario analysis there is no predation of P. noctiluca on sardines (as there is 
lacking evidence of predation by  P. noctiluca on sardines), the SSB, catches and revenues are the 
same as in Fig. 42 (in Chapter 3.5.1). The change in profits for both sardine and anchovy fisheries 
under the various scenarios for the whole of Catalonia is shown in Fig. 49. In comparison to the 
Expected blooms scenario, there would be an increase in profits of around 4.5% per year under the 
No blooms scenario. There would be a loss in profits of around 2.3% per year in the Frequent blooms 
scenario. 
 
Fig. 49: Yearly profits of anchovy and sardines fisheries for Catalonia in each of the three scenarios 
 
3.6.2 Scenario analysis – stranding events 
 
The average number of P. noctiluca stranding events per month over a ten-year forecast period for 
each scenario is shown in Table 15. Stranding events occur most frequently in both quantity and 
density during the Frequent blooms scenario - there is an increase of 33% in stranding events 
compared to the Expected blooms scenario for Catalonia. When compared to the Expected blooms 
scenario, there would be a 49% decrease in stranding events in Catalonia when compared to the No 
blooms scenario. Girona is the most affected zone, and in all zones June is the month with highest 
number of stranding events. Yearly stranding events for each scenario is shown in Table 16. 
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Table 15: Average P. noctiluca stranding events per month  
 
 
 
 
 
 
 
 
 
  
May June July August September Total
Tarragona 2.8 10.7 3.9 5.0 1.9 24.2
Barcelona 3.3 12.8 4.6 6.0 2.3 29.1
Girona 5.6 21.4 7.7 9.9 3.9 48.4
Catalonia 11.7 44.9 16.2 20.8 8.1 101.7
Tarragona 5.6 21.0 7.5 9.5 3.7 47.3
Barcelona 6.7 25.2 9.0 11.4 4.4 56.7
Girona 11.1 42.0 15.0 19.1 7.4 94.6
Catalonia 23.4 88.2 31.4 40.1 15.5 198.6
Tarragona 7.4 27.9 9.9 12.6 4.9 62.7
Barcelona 8.9 33.5 11.9 15.1 5.8 75.2
Girona 14.8 55.8 19.8 25.2 9.7 125.4
Catalonia 31.2 117.2 41.6 52.9 20.5 263.3
Type 1 (<10 beach-1)
No blooms
Expected
Frequent
May June July August September Total
Tarragona 0.3 1.3 0.5 0.6 0.2 3.0
Barcelona 0.4 1.6 0.6 0.7 0.3 3.6
Girona 0.7 2.7 1.0 1.2 0.5 6.0
Catalonia 1.4 5.6 2.0 2.6 1.0 12.6
Tarragona 0.7 2.6 0.9 1.2 0.5 5.9
Barcelona 0.8 3.1 1.1 1.4 0.5 7.0
Girona 1.4 5.2 1.9 2.4 0.9 11.7
Catalonia 2.9 10.9 3.9 5.0 1.9 24.6
Tarragona 0.9 3.5 1.2 1.6 0.6 7.8
Barcelona 1.1 4.2 1.5 1.9 0.7 9.3
Girona 1.8 6.9 2.5 3.1 1.2 15.5
Catalonia 3.9 14.5 5.2 6.6 2.5 32.7
Type 2 (<1 m-2)
No blooms
Expected
Frequent
May June July August September Total
Tarragona 0.1 0.5 0.2 0.3 0.1 1.2
Barcelona 0.2 0.7 0.2 0.3 0.1 1.5
Girona 0.3 1.1 0.4 0.5 0.2 2.5
Catalonia 0.6 2.3 0.8 1.1 0.4 5.2
Tarragona 0.3 1.1 0.4 0.5 0.2 2.4
Barcelona 0.3 1.3 0.5 0.6 0.2 2.9
Girona 0.6 2.1 0.8 1.0 0.4 4.8
Catalonia 1.2 4.5 1.6 2.0 0.8 10.1
Tarragona 0.4 1.4 0.5 0.6 0.2 3.2
Barcelona 0.5 1.7 0.6 0.8 0.3 3.8
Girona 0.8 2.8 1.0 1.3 0.5 6.4
Catalonia 1.6 6.0 2.1 2.7 1.0 13.4
No blooms
Expected
Frequent
Type 3 (>1 m-2)
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Table 16: Average P. noctiluca stranding events per year 
 
 
 
 
3.6.3 Scenario analysis – local economy 
 
In order to analyse the effect of each scenario on the local economy, the changes in output of the 
fisheries and jellyfish sub-model need to be known. The fisheries sub-model produces changes in 
revenues but the jellyfish sub-model only records the changes in stranding events. Using the analysis 
undertaken in VECTORS in the same study zone, Nunes et al. (2015) calculated the consumptive 
value of travel time using a random parameters model as approximately 25 minutes. Respondents 
were found to be willing to travel an additional 3.81 minutes more per trip to go to a beach with a 
jellyfish presence of less than two days a week rather than one with more than five days a week (the 
95% confidence interval is between 2.066 and 5.553 minutes). Taking into account only the 
subsample of those that made a trade-off between various beach attributes (approximately 50% of 
respondents), and given the average household income per hour was €19.23 for 2012, individuals 
are willing to pay on average €3.20 to visit a beach with lower risk of jellyfish presence (Nunes et al. 
2015). (Nunes et al. (2015) do not distinguish between species of jellyfish on beach user 
preferences). 
 
The maximum number of (Type 1) stranding events per month is 55.8 in Girona in June for the 
Frequent blooms scenario. There are 71 beaches in Girona, which is equivalent to approximately 0.2 
Type 1 stranding events for each beach per week, far fewer than the threshold elicited by Nunes et 
al. (2015). Therefore according to their analysis and the stranding model results, the impact of P. 
noctiluca on beach users under all scenarios is zero given that Nunes et al. (2015) do not reveal 
anything about beach user preferences when jellyfish stranding events are less than two per week. 
 
The impact on the regional economy under the three scenarios using the economic input-output 
matrix is shown in Table 17. The table shows the annual fisheries revenues (anchovy and sardine) for 
each scenario averaged over the ten year forecast period. The change in annual revenue is the 
difference between Expected blooms when compared to No blooms and Frequent blooms 
respectively. Note that this difference is created uniquely by changes in revenues to the anchovy 
Type 1 Type 2 Type 3 Type 1 Type 2 Type 3 Type 1 Type 2 Type 3
Zone < 10 per beach < 1 m-2 > 1 m-2 < 10 per beach < 1 m-2 > 1 m-2 < 10 per beach < 1 m-2 > 1 m-2
Tarragona 24 3 1 47 6 2 63 8 3
Barcelona 29 4 1 57 7 3 75 9 4
Girona 48 6 2 95 12 5 125 16 6
Catalonia 102 13 5 199 25 10 263 33 13
No blooms Expected blooms Frequent blooms
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fisheries, because the predation rate of P. noctiluca on sardines is unknown and therefore set to 
zero (Chapter 3.4.2.3). Stranding events are not included in this table as the threshold is not reached 
in which they have a measureable effect on the beach users. The impact the change in revenue has 
on the regional economy, measured using the input-output matrix is low for each scenario - less 
than 0.001% of the regional gross regional product (GDRP) in both cases. Similarly the impact on the 
regional employment is low in both cases. The change in employment would not necessarily only 
occur in the fishing sector but even if it did, the changes would account for less than 0.3% of 
employment in the fishing sector in each scenario.  
 
 
Table 17: Effect of No blooms and Frequent blooms scenarios on local economy, compared to 
Expected blooms 
 
 
 
 
3.6.4 Sensitivity analysis of key variables 
 
There are many uncertain variables in the model which could have a significant impact on the 
various scenarios presented here. Even the scenarios themselves are a reflection of the uncertainty 
in the future number of P. noctiluca blooms. The following key variables, which have been estimated 
to the best of our knowledge given the availability of data, could strongly influence the various 
scenarios previously presented: 
 Predation rate of P. noctiluca ephyra on anchovy larva 
 Predation rate of P. noctiluca ephyra on sardine larva (currently set to zero for lack of data) 
 Beach stranding rate of P. noctiluca 
 
Scenario Average yearly revenue 
(2010-2020) (€)
Change in 
revenue* (€)
Change in regional 
employment* 
(individuals)
Expected blooms 20,674,929 - -
No blooms 21,150,777 475,848 12
(102%*) (0.3% fishing sector)
Frequent blooms 20,436,377 -238,552 -6
(99%*) (-0.1% fishing sector)
-321,568
(<0.001% of reg. GDRP)
2010 GDRP of regional economy €143,000 million.
2010 Employment in fishing sector is 4183
*compared to “Expected blooms”
Change in regional 
economy* (€)
-
641,444
(<0.001% of reg. GDRP)
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An increase and decrease of 50% in the predation rate of P. noctiluca ephyra on anchovy larva is 
shown in Fig. 50. Increasing the predation rate amplifies the difference in catches for changes in P. 
noctiluca blooms, and conversely decreasing the predation rate reduces the difference in catches for 
each scenario. Using 100% predation rate (as we did in the previous scenario analysis) we calculated 
that anchovy revenues would increase by 5.1% for No blooms and decrease by 2.5% for Frequent 
blooms when each are compared to Expected blooms. If the predation rate is increased to 150% of 
the original rate then anchovy revenues would increase by 8.1% for No blooms and decrease by 4.5% 
for Frequent blooms when compared to Expected blooms. Conversely if the predation rate is 
decreased by 50%, then anchovy revenues would increase by 2.4% for No blooms and decrease by 
1.2% for Frequent blooms when compared to Expected blooms.  
 
 
Fig. 50: Sensitivity of predation rate of P. noctiluca ephyra on anchovy larva 
 
 
 
We could not find any data regarding the predation rate of P. noctiluca ephyra on sardine larva, 
therefore we set the value to zero during the previous scenario analysis. However, we can analyse 
the effects on sardine population using an estimate of the value based on the predation rate of P. 
noctiluca ephyra on anchovy larva (Fig. 51). Using the same predation rate (100% of anchovy 
predation rate) as that on anchovy (and the Expected blooms scenario) decimates the sardine 
population within the decade so clearly the rate must be much lower. Even applying a predation rate 
of 10% of that on anchovy has a significant effect on the sardine population, reducing the SSB by 
about a third over ten years. Clearly, the predation rate of P. noctiluca ephyra on sardine larva must 
be lower than 10% of that of the predation rate on anchovy. 
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Fig. 51: Effect of P. noctiluca predation rate on sardine SSB  
 
 
The beach stranding rate is an uncertain variable within the model. In fact the actual model 
structure is a massive simplification of all variables which could influence the stranding of jellyfish as 
outlined in Chapter 3.4.3.2. The stranding model works such that there is a direct relation between 
the stranding rate and the number of stranding events, so doubling the stranding rate would double 
the number of stranding events. Given that the model is certainly a simplification of the actual 
processes which influence stranding events, there is not much benefit in further analysing the 
effects of changes in stranding rate. 
 
3.7 Discussion 
 
There are two sets of conclusions that can be made from this application of the Systems Approach 
Framework. Firstly, there are conclusions that can be made from the modelling component of the 
application, and secondly there are conclusions related to the application as a whole – whether it 
met the objectives of the SAF, and what was learned during the process.  
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3.7.1 Discussion of the model 
 
In order to analyse the impact of changes in P. noctiluca blooms on fisheries, beach tourism and the 
regional economy in Catalonia using the model created here, we must first acknowledge the 
limitations in availability of data and knowledge and the drawbacks of the modelling methodology. 
 
The model is unable to predict the independent effects on fisheries in the absence or presence of P. 
noctiluca. If there were a large increase in predation on the small pelagics which significantly 
reduced the population, it is likely that the predation rate would decrease as the P. noctiluca would 
change to prey on other more abundant planktonic communities. Similarly, an increase in small 
pelagics larva would probably cause an increase in predation rate. However, the model does not try 
to capture these dynamics due to a lack of data. These dynamic effects would probably only be 
significant when there are large changes to population level of the small pelagics so will not 
significantly change the results of the described scenarios. 
 
The population and migration of P. noctiluca depend on many physical, physicochemical, biological 
and climatic forcings (Canepa et al. 2014) which have been omitted from the model due to lack of 
data and knowledge. Therefore simplifications and estimations have been used in the model as 
described in System Formulation (Chapter 3.4.2.3). Once these data gaps have been completed, the 
model can be adapted to incorporate a more accurate estimate of P. noctiluca population levels 
within the Catalan Sea. The initial population of P. noctiluca was estimated from one data set in June 
2011. Given that the sampled population could vary considerably, it is difficult to ascertain an 
accurate estimate for a given time and zone. The various bloom scenarios try to capture some of this 
uncertainty, but a more accurate data set of changes in population levels would benefit the model 
and improve the reliability of the model output. For example, in each scenario the changes in 
blooms occur proportionally the same in each zone. It is likely that blooms occur more frequently 
and with greater magnitude in certain zones. The model is capable of reproducing such an input, but 
until further data is available there is little to be gained from running these hypothetical scenarios, 
especially as there would be a huge number of possibilities. Similarly the model is also capable of 
permitting migration between zones (as well as increasing the number of zones) and when the data 
becomes available, can be used accordingly. 
 
As described in System Appraisal – jellyfish sub-model (Chapter 3.5.2), the ratio of P. noctiluca 
ephyra to adults in June 2011 varies considerably in each zone. This value is needed in order to 
estimate the population of ephyra during the whole year. Given this variation, the model could be 
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improved if a population matrix was constructed separately for each zone rather than aggregated 
across all of Catalonia.  
 
The predation rate of P. noctiluca on anchovy was taken from just one research cruise off the coast 
of Barcelona in June 1995 in which only ingestion by ephyra and not adults were analysed (Sabatés 
et al. 2010). While this is probably accurate for the time and location, it is likely that this predation 
rate varies both temporally and spatially, and depends on the availability of other prey. Previous 
studies suggest that P. noctiluca is an opportunistic non-selective predator, feeding on what is in the 
near vicinity and does not actively target specific species (Malej 1989). The model aggregates large 
areas which limits the ability to predict the outcome when dense population of predators coincide 
temporally and spatially with a dense population of prey. Smaller zones could possibly alleviate this 
problem but that would require a much larger set of input data to calculate the predation rate 
across all zones and during the whole year. Other studies have suggested that the effect of 
predation of P. noctiluca on fish populations could be greater than those revealed in this study 
(Purcell et al. 2014). There is a lack of data regarding the predation rate on sardine although the 
sensitivity analysis reveals that it would likely be much smaller than that on anchovy. This could be 
due to the higher availability of other planktonic prey such as copepods (Fernández de Puelles et al. 
2007) or that P. noctiluca and sardine larva do not coincide spatially. However, even though the 
predation rate might be lower, the overall effect on the sardine population could still be significant.  
 
The standing model does not account for all the complex factors involved in predicting the arrival of 
jellyfish to the beaches as acknowledged in Chapter 3.4.3.2. When a more accurate stranding model 
has been developed it could be incorporated into this model, improving its predictive capacity and 
output related to the effect on beach users. In the study which analysed the impact of stranding 
events on beach users (Nunes et al. 2015), the only alternative is to travel to another nearby beach 
without jellyfish, calculating the extra cost involved. Although the costs to the restaurants and hotels 
near to an impacted beach could be significant, the overall change to the local economy would be 
much lower (possibly zero) as other businesses near to unaffected beaches would benefit. A 
currently unexplored analysis would be to try to calculate the impact if jellyfish stranding events 
increased to a level where beach users would consider visiting beaches regions outside of Catalonia 
or even outside of Spain. This would have a significantly higher impact on the Catalan economy. 
 
Bearing in mind these caveats to the model, the results of the scenario analysis show that P. 
noctiluca has a low impact on small pelagic fisheries, beach users and the regional economy. The 
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significance of the impact on the anchovy fisheries should be viewed in the context of historical 
fluctuations in anchovy catches. The standard deviation of year-to-year anchovy catches in Catalonia 
over the last five years is 1329 tonnes. This is considerably greater than the standard deviation of 
the most contrasting scenarios (No blooms compared to Frequent blooms) which is 311 tonnes. 
Therefore there are other factors involved which have a much greater impact on anchovy fisheries 
than predation of P. noctiluca on anchovy larva. 
 
As previously described the effect of P. noctiluca stranding events on beach users is zero within our 
analysis given the findings of Nunes et al. (2015). This is possibly due to the aggregated spatial 
dimension of the model which cannot determine when there many stranding events in one beach 
(for a given zone) or the stranding events are spread across many beaches in one zone. It is probable 
that certain beaches within a zone are more susceptible to stranding events. In this case the 
stranding events could surpass the threshold which influences the beach user’s decision to visit 
another beach with fewer jellyfish. Increasing the number of stranding zones in the model could 
reduce this problem, although higher resolution data and stranding sub-model would be necessary. 
It should also be remembered that Nunes et al. (2015) do not distinguish between different jellyfish 
species in their analysis, and it is possible that the combined effect of P. noctiluca stranding with 
other species will also reach the threshold in which beach users choose to visit a different beach. 
 
So given that the impact of P. noctiluca on both beach users and sardine fisheries is zero, it is 
unsurprising that the corresponding impact on the regional economy is low. However, the tourist 
industry has a greater potential to impact the regional economy than the fisheries industry. This is 
because the tourist industry is much larger than the fisheries industry and because its effect on 
economically dependent industries is larger, as demonstrated by the higher output multiplier value 
from the input-output matrix. However this study only analyses the effect of P. noctiluca on fisheries 
and beach users. There are over 12 species of scyphomedusae in the region (Canepa et al. 2014) and 
the combined effect of P. noctiluca with these species would likely have a greater impact on small 
pelagic fisheries and beach users than the results from this analysis. This analysis should be viewed 
as a first attempt at analysing the complex effect of jellyfish on fisheries and beach tourism, and 
would be greatly improved by including further jellyfish species once the relevant data is available. 
 
There are few studies which try to quantify the impact of jellyfish on social ecosystems and those 
that do, tend to be limited to just one economic sector. Nunes et al. (2015) show that 50% of beach 
users and are willing to pay an additional €3.20 per trip in order to visit beaches with fewer jellyfish. 
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So for an estimated 263 million beach visits per year aggregated wellbeing gains associated with a 
reduction of jellyfish blooms would be around €423 million per year for the whole of the Catalonia 
or 11.95% of tourism expenditures in 2012. Ghermandi et al. (2015) estimate that there could be 
annual monetary losses of €1.8-6.2 million due to 3-10.5% fewer seaside visits caused by jellyfish 
outbreaks in Israel. Kontogianni and Emmanouilides (2014) estimate that households in the Gulf of 
Lions are willing to pay a one-off single payment of €66 (on average) in order to reduce expected 
jellyfish outbreaks from 9 years per decade to 1 year per decade. In a survey completed by 
fishermen in Oregon regarding the perceived impact of jellyfish on their activities in 2012 (Conley 
and Sutherland 2015), the estimated economic impact on salmon and pink shrimp fishers was over 
$650 000. Graham et al.(2003) estimate that clogging of shrimp nets in Louisiana by jellyfish was 
estimated to have cost millions of dollars in economic losses. Nastav et al. (2013) conclude that large 
jellyfish abundances in 2004 had a negative impact on Slovenian fisheries - reducing catches, income 
and employment but do not quantify the losses. They also conclude that the effect on the regional 
economy was low. 
 
Potential losses caused by jellyfish blooms are clearly large with an increasing number of studies 
trying to quantify this impact. Studies using revealed preferences and questionnaires have started to 
quantify these impacts but further research is necessary to ascertain the full economic costs of 
jellyfish blooms. This study is the first which tries to quantify the economic impact on tourism (beach 
users), fisheries (predation of fish larvae) as well as the wider impact on the regional economy. The 
model can be improved once the necessary data and knowledge becomes available but is a valuable 
first attempt at analysing this issue. The inclusion of mitigation methods in the model, such as nets 
preventing jellyfish stranding could provide further useful insights. Given the availability of relevant 
data, the structure of this model can be used both with other species of jellyfish in the study zone, as 
well as with other species in different zones. 
 
3.7.2 Discussion of the SAF application 
 
It is debatable whether this study can really be considered a true application of the Systems 
Approach Framework. Although the original intention was to follow the SAF methodology, 
unforeseen circumstances prevented this from happening. When the contract for the VECTORS 
project was granted enabling the scientific team to attempt another SAF application, there was 
initial interest from stakeholders who participated during the SPICOSA project. A true SAF 
application would involve a dialogue with the relevant stakeholders who would provide both their 
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insight into an issue as well as a continued interest in the development of the model and its results. 
However in this case, there were not any stakeholders willing to participate in the process mainly 
due to a lack of human resources in the relevant institutions (Catalan water agency, the fisheries 
department of Catalonia, Port authorities, and Barcelona council). They had to prioritise their time 
to their daily work commitments and did not have the necessary time to invest in this SAF 
application. Therefore given that the contract had already been granted, the scientific team decided 
to continue from a purely theoretical perspective but using just the modelling methodology as 
outlined in the SAF. This clearly had an effect on the outcome of the SAF application as there were 
not any (non-scientific) stakeholders involved. However, this does not mean that insights cannot be 
gained from this attempted SAF application, although they will generally be limited to the modelling 
component of the SAF. 
 
A key lesson learned during this SAF application is the importance of availability of data and 
knowledge. Whereas the fisheries sub-model was based on a pre-existing model (MEFISTO) which 
had been used with various species by members of the scientific team, the other sub-models were 
much more experimental, and the scientific team had little previous experience with them. For 
example, the original intention was that the stranding sub-model would be developed within a 
different project and later shared with the scientific team involved in the SAF application. However, 
there was a delay in construction so we had to create our own model which was simplified to the 
model originally planned. The effect of stranding events on beach users was analysed by another 
team within the VECTORS project. However, there was a lack of communication between the two 
teams and output of the analysis of the stranding-beach user model was not particularly useful for 
the aims of the SAF application. The output of the stranding-beach user model only calculates the 
amount (in time and money) beach users would be willing to spend to travel a little further in the 
same region to a different beach. This would have little to no effect on the region as a whole as 
some businesses would suffer and other businesses would benefit by the same amount. A better 
analysis more relevant to the SAF application would be to elicit or even directly measure possible 
effects on international tourists and how their decisions might be affected by increased jellyfish 
stranding events. 
 
As highlighted by this study and by Tomlinson et al. (2011), the greatest limitation of the SAF is 
convincing the relevant stakeholders and institutions to participate in the process. They can be 
reluctant to do so, partly because they might not perceive any benefit in doing so, or because they 
do not have the necessary time and personnel resources to do so. However, the model can still be 
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seen as useful in informing stakeholders about the bioeconomic impact of jellyfish on fisheries in 
possible future deliberations when interest arises and resources are available. 
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4 Discussion 
 
4.1 Comparison of the SAF applications in the SPICOSA and VECTORS projects 
 
The Systems Approach Framework was applied in Catalonia with different levels of stakeholder 
engagement, regarding different issues across differing scales. However, it is still valid to compare 
the two applications as the initial intention was to use the same methodology. Comparisons can be 
made between both the modelling aspect of each SAF application as well as the interaction with 
policy makers, managers and other stakeholders. The applications were successful in some aspects 
and less so in others, but there were lessons learnt from both. Various aspects of each SAF 
application are described below as either being “none”, “low”, “medium” or “high”. These 
classifications are necessarily subjective and contextual. The classifications have been made in terms 
of comparison to other SAF applications (from the other 17 study sites in the SPICOSA project), as 
well as modelling and managing social-ecological systems in general. The classifications do not 
necessarily reflect quality, they are merely descriptors. For example, a model with a “high” spatial 
scale is not necessarily “better” than a model with a “low” spatial scale (Fig. 52). 
 
Fig. 52: Comparison of SPICOSA and VECTORS application 
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 Availability of data 
 
The SPICOSA application was considerably constrained by the limitations in the available data. 
Much crucial information regarding the functioning of the sewerage network was unavailable to 
the scientific team. Various important parameters were approximated or simplified such as the 
faecal coliform and suspended solid concentration in the CSO and river. However the most 
important missing data was that regarding the effect of bacteria and turbidity on the 
recreational appeal of the beach users. This meant that the model results had to be presented 
within a range of theoretical possibilities. If there had been resources within the project to 
ascertain these data then the model would have probably had a greater impact. 
 
There was more data available for the model in the VECTORS project. The fisheries sub-model 
was populated with reliable high resolution data. However, many parameter estimations were 
made in constructing the jellyfish sub-model, and given that this was the principal driver of the 
model, has implications for the rest of the model output. Higher temporal and spatial resolution 
data regarding the P. noctiluca population, predation rate (on the small pelagics), and strandings 
would have greatly improved the validity of the model. 
 
SPICOSA: low 
VECTORS: medium 
 
 Availability of pre-existing models 
 
There were no pre-existing models available for the SPICOSA application. There was a 
requirement by the SPICOSA project to use the ExtendSim software which is beneficial for 
constructing modular block models, but less effective in evaluating spatially explicit problems. 
The model in the SPICOSA application was constructed with this limitation but the components 
were based on simplifications (if necessary) of pre-existing models available in peer-reviewed 
literature (e.g. bacteria decay rate, flux of combined sewer overflow within beach water, travel-
cost method). 
 
The fisheries sub-model of the VECTORS project was based on the pre-existing model MEFISTO, 
although adjustments still had to be made (primarily changing the time-step). The jellyfish sub-
model was based on the standard population matrix model. However the model had to be 
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populated using data relevant to the study site. The stranding model was calculated by 
correlating modelled jellyfish in the sea to historic observed strandings. The effect on beach 
users was based on a study undertaken simultaneously by other researchers within the VECTORS 
project, but the structure of their research, and therefore their findings, were not particularly 
relevant to the model. 
 
Using the classification system of IAM models referred to in Chapter 1.3 (Kelly et al. 2013), both 
the SPICOSA and VECTORS models can be described as a coupled component model (CCM). The 
SPICOSA model has components which use system dynamics (i.e. the combined sewer overflow, 
beach water clarity, and beach water bacteria sub-models), which the VECTORS model does not. 
However the reason for selecting a coupled component model was different in each application. 
Using the decision tree described in the introduction (Fig. 1 in Chapter 1.3), a CCM model was 
chosen in the SPICOSA application due to importance of understanding the “breadth of the 
system”. However, given the more narrow focus of the VECTORS application, the decision to use 
a CCM was due to the “depth of specific processes” (i.e interaction between jellyfish and small 
pelagics).  
 
SPICOSA: low 
VECTORS: medium 
 
 
 Spatial scale 
 
The SPICOSA SAF application was applied at the scale of the city (of Barcelona) whereas the 
VECTORS application was at the regional scale of the Spanish autonomous community of 
Catalonia. 
 
SPICOSA: low 
VECTORS: medium 
 
 Spatial resolution 
 
The SPICOSA model has a relatively high spatial resolution, modelling each beach individually, 
although the number of beach users are aggregated before calculating the non-market value of 
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all beaches together. The VECTORS model has a low spatial resolution in that there are only 
three zones for the whole study area. This was perhaps a limitation in being able to adequately 
model jellyfish strandings per beach as discussed in Chapter 3.7.1. 
 
SPICOSA: high 
VECTORS: low 
 
 Temporal scale 
 
Both models have a limited accurate forecast period of between five to ten years. Perhaps the 
SPICOSA model has a marginally longer forecast period than the VECTORS model due to the 
physical nature of the model. However, policy decisions such as investing in stormwater 
collectors (or reducing expenditure on beach regeneration – which is not modelled) could have 
important implications for the model. The VECTORS model does not claim to accurately forecast 
for the long-term either. Fisheries models are generally weak in long term predictions due to the 
adaptive behaviour of the fishermen and complex nature of trophic effects on food webs. The 
SAF was designed as an iterative process so that changes or shocks in both the social and 
ecological systems can be included in future iterations. It is therefore unsurprising the temporal 
domain of both models are not long-term. 
 
SPICOSA: medium 
VECTORS: medium 
 
 Temporal resolution 
 
The SPICOSA model was constructed with a high temporal resolution (daily time-step) in order to 
capture the temporal sporadic nature of combined sewer overflow events. The VECTORS model 
has a monthly time-step, so that it can capture the dynamics of the seasonal predation of P. 
noctiluca on anchovy larva. 
 
SPICOSA: high 
VECTORS: medium 
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 Complexity of model 
 
Although there is no universally accepted definition of “complexity”, here it refers to the extent 
in which the various components interact with each other in multiple ways. Part of the objective 
of the SAF is to model the complexity of social-ecological systems, and of particular importance 
is the feedback between components. Both models of the SPICOSA and VECTORS applications 
can be considered complicated in the sense that there is difficulty in constructing the model and 
require experts in order to do so. However, neither model is complex as there is no feedback 
between components as both models are linear. 
 
SPICOSA: low 
VECTORS: low 
 
 Social and  economic component 
 
SAF models should include the socio-economic components of the system within the model and 
connect them to the ecological components in order to capture the complete dynamics of the 
system. Both the SPICOSA and the VECTORS models included economic valuation components 
within the system and were linked to the ecological component. The social component was not 
directly modelled in either model, but in the SPICOSA model various management and scenario 
options can be run. This partially captures the social component of the system. 
 
SPICOSA: medium 
VECTORS: medium 
 
 Verification of the model 
 
Verification of the model depends on the data and knowledge available to populate the model, 
the implementation of the model, and the availability of data to verify the output. The SPICOSA 
application suffers from a lack of available data, however various components were adequately 
verified (beach water bacteria sub-model, beach water clarity sub-model and the travel-cost 
method). The unknown components (sewerage functioning, beach user sensitivity to water 
quality) were modelled as scenario options and have not yet been verified. Despite this, the 
overall conclusions of the model (that there are diminishing returns in building further 
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stormwater collectors to improve water quality) were coherent with the instincts of some of the 
stakeholders (ACA). 
 
Although the VECTORS fisheries sub-model is sufficiently verified against observed data, there is 
a lack of data regarding the P. noctiluca population or stranding model. Despite this, the results 
the model produces are within an expected range of authenticity. 
 
SPICOSA: medium 
VECTORS: medium 
 
 Applicable to other study sites 
 
The SPICOSA model is quite site specific in regards to the positioning of the CSO overflows, the 
river and the wastewater treatment plant. The model is calibrated against observed data taken 
from the beaches of Barcelona. In order to reproduce a similar model at another area, time 
series data of bacteria and turbidity would need to be collected for a few years. Certain 
components would be more easily transferable such as the non-market valuation (travel costs 
method) but again would need data relevant to the new study site. An evaluation of the beach 
user sensitivity to water quality would also need to be undertaken (also unavailable for this case 
study) as this would likely be specific to users for a given beach. 
 
The VECTORS model could be applied to other study sites given that the population dynamics of 
fisheries and P. noctiluca could be similar to other areas. Data would still need to be collected to 
determine the absolute population size for both though. Jellyfish strandings and beach user 
sensitivity to strandings would also need to be re-calibrated. 
 
It should be noted that the SAF was conceived as being a site-specific methodology so a low 
applicability to other sites is not surprising. 
 
SPICOSA: low 
VECTORS: medium 
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 How closely were the SAF guidelines followed? 
 
The SAF methodology was developed during the SPICOSA project. The SAF application in 
Barcelona followed the guidelines as closely as possible – particularly regarding stakeholder 
analysis, issue identification, and constructing the model. However, due to low interest from the 
stakeholders, it was not possible to involve them in designing the model, choosing scenarios and 
indicators. Although the completed model was presented to the stakeholders, it was not used in 
deliberation for deciding future management or policy decisions. 
 
Although the initial intention was to apply the SAF methodology in the VECTORS project, the lack 
of response from the stakeholders prohibited including a large part of the methodology relevant 
to stakeholder participation. However, the modelling methodology from the SAF was used to 
create a social-ecological model, and proved beneficial in this aspect. 
 
SPICOSA: medium 
VECTORS: low 
 
 Was there a pre-existing dialogue/forum between stakeholders? 
 
For the SPICOSA application, the scientific team organised the stakeholder meetings as they 
were unaware of the existence of any pre-existing forum. Towards the end of this SAF 
application, they became aware of an existing forum although it operated at a different scale to 
the SAF application. However, it might have been beneficial to use this forum to launch the 
initial dialogue to encourage the relevant stakeholders to participate in the SAF application. For 
the VECTORS application, various stakeholders were invited to attend the initial meeting but no 
one chose to attend due to time and resource limitations. 
 
SPICOSA: low 
VECTORS: low 
 
 Stakeholder participation during application 
 
An initial meeting was organised by the scientific team at the beginning of the SPICOSA 
application and was attend by five stakeholders. The Catalan Water Agency (ACA) was the 
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stakeholder most interested in the SAF application and continued to support the scientific team 
during the process. Towards the end of the project ACA invited us to a larger forum organised at 
the regional scale to present the SAF methodology and our model and results. Following this 
meeting there was interest shown by various stakeholders from the rest of Catalonia regarding 
the model and the methodology. 
 
No stakeholders participated in the VECTORS application. 
 
SPICOSA: medium 
VECTORS: none 
 
 Was the model or SAF used in any deliberation process? 
 
The model results were presented in the final meeting but there was no time for deliberation as 
the agenda covered many diverse issues, not just that presented by the scientific team. Various 
stakeholders expressed an interest in the results we presented but there was no time left in the 
project to further discuss the issue. Possibly given more time, then the model would have been 
used as a starting point for a dialogue between the relevant stakeholders. 
 
No stakeholders participated in the VECTORS application so it was not used in deliberation for 
any management or policy decision. 
 
SPICOSA: low 
VECTORS: none 
 
 Improved social capital?  
 
In the SPICOSA application there was not much improvement with social capital between the 
stakeholders. Attendance by the stakeholders decreased during the application, possibly as they 
did not see the benefits of the project. At the final meeting, the scientific team had the 
opportunity to show both the methodology and model, both of which created interest in some 
stakeholders. If there had been more time within the project or with external funding, this could 
have helped to improve the dialogue between stakeholders. 
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No stakeholders participated in the VECTORS application so there was no change in social 
capital. 
 
SPICOSA: low 
VECTORS: none 
 
4.2 Comparison with other SAF applications and IAMs in coastal systems 
 
The SPICOSA application was compared with other SAF applications involving similar issues in 
Chapter 2.7.1. There have not yet been any SAF applications similar to the VECTORS application. The 
insights gained from the other 17 SPICOSA study site applications will now be compared with those 
from this thesis. 
 
There was large variation between the study sites regarding policy effectiveness, due to institutional 
and cultural differences as well as stakeholder participation. For example, the scientific team from 
the SAF application in the Guadiana Estuary, Portugal had difficulty encouraging some of the 
stakeholders to participate in the process (Guimarães et al. 2012). The Guadiana Estuary shares a 
border with both Spain and Portugal. Although the Portuguese stakeholders attended the meetings, 
their Spanish counterparts were less interested. This could have been due to issues regarding a 
conflict of interests, time and resources available to the stakeholders or maybe familiarity with the 
scientific team (who were Portuguese). The study site in Venice Lagoon had the problem of illegal 
fishing which complicated both, collecting reliable data as well as encouraging stakeholder 
participation (Melaku Canu et al. 2011). Some study sites stated that there were also scaling 
difficulties between the highlighted issue and the lack of ability to affect it, where those that could 
most influence the impact were operating a different scale, and therefore outside of the group of 
stakeholders participating in the SAF (Hopkins et al. 2012). Although a solution would be to try to 
involve those stakeholders in the process, practically this is difficult to implement. These issues were 
certainly present in the SPICOSA and VECTORS applications presented in this thesis as previously 
discussed. 
 
On the other hand, some study sites reported that the SAF improved social capital, encouraging 
dialogue between stakeholders and policy makers, and created a shared understanding of the 
system. Dinesen et al. (2011) reported that the SAF helped to defuse a three-way conflict between 
mussel fishers, mussel aquaculture and nature conservationists in Limfjord, Denmark. The SAF 
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helped to propose a new natural-resource-based tourism in the Risor Fjord, Norway whilst analysing 
a trade-off between tourist fishing and conservation of the local cod population (Moksness et al. 
2011). In the Pertuis Charentais area, France, the SAF helped stakeholders understand the 
complicated dynamics involved in freshwater distribution and expected this social learning exercise 
to continue, encouraging other stakeholders upstream to participate in the process (Mongruel et al. 
2011). 
 
For most scientific teams and stakeholders, there had been limited dialogue between them previous 
to the SAF application and both groups reported the process to be beneficial. Most stakeholders felt 
the simulation analyses helped them to better understand the system, and expressed interest in 
future collaboration using the SAF (Hopkins et al. 2012). This was also true in the SPICOSA 
application in this thesis, but not in the VECTORS application due to the lack of stakeholder 
participation. 
 
On the technical side of building a simulation model, most study sites had trouble finding adequate 
data. Although part of the SPICOSA requirements for a study site to participate in the project was to 
already have data collected from previous studies, many found that this data was not sufficient. 
Alternatives were sought (proxies, estimations, expert opinion) and occasionally additional data was 
collected. This was particularly true with socio-economic data, were there was generally a lack of 
surveys regarding public perception of an issue (Hopkins et al. 2012). This was true for both SAF 
applications in this thesis where there was no data regarding public perception of water quality and 
jellyfish and how it might influence a beach user’s decision to visit another beach. In the SPICOSA 
application this unknown data was left as a scenario option within the simulation model, whereas in 
the VECTORS model a survey was undertaken to elicit this information. One of the conclusions of the 
SPICOSA project was that there needed to be an improvement in multidisciplinary databases specific 
to study zones in order to adequately analyse social-ecological systems (Hopkins et al. 2012). 
 
Although all study sites were capable of constructing conceptual models linking ecological, social and 
economics components of the system, many had difficulty in quantifying the link for the simulation 
model. Other processes involving thresholds (particularly social thresholds), tolerances, illegality and 
public acceptance proved particularly difficult to validate in the simulation model (Hopkins et al. 
2012). Many study sites used non-market economic valuation techniques in their models such as the 
travel-cost method used in the SPICOSA application (Chapter 2.4.5.2) and the stated choice 
experiment in the VECTORS application (Chapter 3.4.4.2). These types of valuation techniques were 
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new to most stakeholders so the methodology and implications had to be carefully communicated to 
them. These valuation techniques helped the stakeholders to understand the value of certain policy 
decisions which might not bring short term economic (monetary) benefits (Hopkins et al. 2012). 
 
Additional information regarding the lessons learnt and insights drawn from the SAF during the 
SPICOSA project is described in Hopkins et al. (2012) and Bailly et al. (2011).  
 
Kelly et al. (2013) identified 64 studies which used integrated assessment models (IAM) across a 
range of disciplines. They classified each study depending on the type of model used: System 
dynamics (10 studies); Bayesian networks (15); Coupled component model (18); Agent-based model 
(11); and Knowledge-based model (10). A description of each type of model can be found in the 
introduction (Chapter 1.3). Of these 64 models, there were four related to coastal zone issues. 
Although the paper by Kelly et al. (2013) does not claim to be an exhaustive list of all IAM studies, it 
is interesting to note that there were over 21 studies related to freshwater resources/catchment 
management. 
 
Only one study (of the four which focused on coastal zone issues) used a modelling approach similar 
to the SAF - Chang et al. (2008) used system dynamics to model the coastal zone of Kenting, Taiwan, 
where there is increasing pressure on the coral reef due to tourism and fishing. Four management 
scenario variables are controllable in a user-friendly decision support system including: land 
development, wastewater treatment, coral fish consumption rate, and entrance fee (to coral reef). 
Change et al. (2008) accept that the decision-makers might not accept some of the options available 
to them (i.e. limiting fishing access) but at least they can see the effect this option would make. 
However, they do not say if the model was actually presented to stakeholders or decision-makers, 
and whether there was any dialogue or deliberation using the IAM. This is also the case with the 
other three coastal zone IAMs presented in Kelly et al. (2013). Two of these studies used Bayesian 
networks for fisheries management in the Baltic sea (Kuikka et al. 1999, Levontin et al. 2011) and the 
other used an agent-based model for recreational fishing in Ningaloo Marine Park, Australia (Gao 
and Hailu 2012). None of these studies reported on any interaction with stakeholders and whether it 
was used in any deliberation process. This does not mean that this did not occur, but from the 
studies it is difficult to assess what level of stakeholder integration occurred. 
 
This lack of information regarding stakeholder integration in IAMs seems to be common within the 
scientific literature. There are many integrated models across a broad spectrum of disciplines but 
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most of the peer-reviewed literature only reports on the details of the models, rather than the 
whole process of integrating stakeholders. There is no easy way of knowing to what extend the 
stakeholders where involved in the process, whether the model was used in deliberation, whether 
the stakeholders found the model beneficial in understanding the system, nor whether there was 
any policy/management decision made during deliberation. For IAM to evolve it is important to 
understand what works and what does not: When were the stakeholders contacted? Who was 
contacted? To what extent were they involved in designing the (conceptual or simulation) model? 
What type of model was used? How was the model presented to the stakeholders? And was any 
decision made during deliberation using the model as a shared vision of the system? 
 
The reasons why until now this has not happened is partly due to the (relatively) recent innovation 
of using IAMs, and the acknowledgement that stakeholders should be “integrated” into the process. 
A second reason is due to the way publishing in science works. Researchers are under constant 
demand to publish innovative work. As soon as a model has been completed, they want to publish 
the model and its results. This does not allow sufficient time for the model to be used in a 
deliberation process, and publish the whole process together. Additionally most journals limit the 
amount of space available per article. It would be difficult to explain both the model and the process 
in sufficient detail in just one article and publishers tend to prefer the technical rather than the 
social aspect of IAM, although there are some journals which accommodate both. 
 
Ideally, there should be an easy way for researchers to attach addendums to their published work 
outlining details of stakeholder participation and deliberation using their models. If this were the 
case, there would be the possibility of tracking an IAM study over time to identify which processes 
encouraged stakeholder participation, and the outcome of any decisions made during deliberation 
with the IAM. 
 
 
4.3 Resilience adaptive management 
 
Although integrated assessment modelling is increasingly being used in management of social-
ecological systems, there are few step-by-step methodological frameworks such as the SAF which 
have tried to formalise this process. A similar framework is Adaptive Management (AM) initially 
conceived by Holling (1978) and Walters (1986) - sometimes referred to as Adaptive Environmental 
Assessment and Management. Holling (2001) and his colleagues (Folke et al. 2002, 2010, Folke 2006) 
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established a path for understanding complex social-ecological systems within a transdisciplinary 
framework in which the concept of resilience is the guiding principle. Resilience of social-ecological 
systems can be defined as the capacity of a system to absorb shocks or disturbances so that the 
system retains or can easily return to the same basic structure of functioning (Holling and Gunderson 
2001). The aim of AM is to either maintain the system within the current regime such that the 
desired ecosystem goods and services are continued to be delivered, or move the system phase to a 
preferred regime (Walker et al. 2002, Chapin et al. 2009). Key objectives of AM include making 
explicit underlying assumptions and identifying unknown issues. This helps reduce the use of “best 
guess” strategies and strengthens the link between knowledge and action (Holling and Meffe 1996, 
Westley 2001). 
 
The following are considered to be vital procedural components of adaptive management (Holling 
1978, Walters 1986, Walker et al. 2006, Allen and Gunderson 2011): 
 
 consideration of appropriate temporal and spatial scales 
 use of computer models to build synthesis and an embodied ecological consensus 
 use of embodied ecological consensus to evaluate strategic alternatives 
 communication of alternatives to political arena for negotiation 
 inclusion of all relevant stakeholders 
 political openness 
 social and scientific processes 
 encouragement regarding the formation of new institutions and strategies 
 enhancement of institutional flexibility 
 
Adaptive management and the Systems Approach Framework share the common philosophy that 
the process of management should be both social and scientific, and should involve stakeholders in 
constructing conceptual models (mathematical or otherwise) to improve the understanding of the 
system (Walker et al. 2006, Chapin et al. 2009); to use different knowledge systems, including both 
local and scientific; to integrate various disciplines; and during decision-making and deliberations 
with stakeholders. AM advocates “social network analysis” (Ernstson et al. 2008), and the SAF 
suggests, although does not necessarily require, the use of stakeholder mapping. Both techniques 
are employed to understand the existence of social relations, how they relate to each other, and the 
power structure within and between them (Reed et al. 2009, Prell et al. 2009). 
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When constructing a mathematical model, it is necessary to choose both a spatial and temporal 
scale. However, it is important to remember that the system itself is in a nested hierarchy of other 
systems that are all evolving through their own adaptive cycle (Holling and Gunderson 2001). The 
SAF does not attempt to model these nested adaptive cycles, but during System Formulation, the 
importance of the differences in scale between and within components becomes evident. 
 
The SAF could generally be classed as being similar to a “passive” AM approach (Holling 1978, 
Walters 1986, Holling and Meffe 1996, Chapin et al. 2009), although this depends on the system in 
question, the stakeholders involved, their vision of the social-ecological system, and its associated 
issues. Passive AM uses whatever knowledge and information is available to improve the decision-
making process. On the other hand, “active” AM tests the real system, pushing it to (ecological) 
limits in ways that would not normally be tried, thus providing learning about possible regime shifts 
and a more complete understanding of the social-ecological system. Often, as in our case study, the 
objective of most policy makers and stakeholders is to maintain the social-ecological system in its 
current phase and not try to push it to another. 
 
Most procedural components of AM are also advanced by the SAF methodology. However, it should 
be noted that there is not always a direct one-to-one correlation; thus, some components of AM are 
referred to in more than one SAF “step”. This is not surprising given that we are comparing a step-
by-step methodological guide (SAF) against a tool for management with generalized 
recommendations (AM). There are two components of AM that are not explicitly recommended by 
the SAF (“Encourage the formation of new institutions and strategies” and “Enhance institutional 
flexibility”), but neither does the SAF discourage them. 
 
Conversely, there are no obvious SAF steps or tasks that could be considered outside of, or contrary 
to, the recommendations of AM. However, the SAF is more specific in its methodology —for 
example, in its use of General Systems Theory and system dynamics as the foundation for modelling, 
and in recommending software that can be easily used by layperson stakeholders. Both the SAF and 
AM recommend considering the issue across different temporal and spatial scales. However, within 
the SAF, a specific scale has to be chosen in order to create a model, although this could change over 
additional iterations of a given application. AM does not specify exactly how to confront the 
difficulties involved in creating a computer model across various temporal and spatial scales. 
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There are a number of subtle differences between the SAF and AM in terms of the emphasis of 
objectives and procedures. For example, in the SAF, the process starts with scientists who choose a 
set of stakeholders and together they investigate an issue by choosing the relevant scale together. 
On the other hand, AM has little to say about how the process starts or whether it should focus on 
just one management issue or model the entire ecosystem. Because of this, it could be argued that 
the SAF puts greater emphasis on solving individual issues, decision-making processes, and 
sustainability, whereas AM puts greater emphasis on sustainability, resilience (passive AM), and 
testing and learning from the ecosystem (active AM). 
 
4.4 The future of the Systems Approach Framework 
 
It is difficult to suggest improvements to the design of the SAF because it is an open methodological 
framework. The most technical aspects of the methodology, such as stakeholder interaction and 
construction of the model, are not rigidly defined, and are therefore open to a degree of 
interpretation. This has the obvious drawback of requiring experts to aid in the process but leaves it 
sufficiently open so that the methodology can be applied to a diverse set of issues across varying 
cultural and political communities. 
 
Similar to any social policy or strategy, it is difficult to predict the future trajectory that the SAF will 
take. As a tool for management, it requires significant time, resources, and personnel. For the 
process to run smoothly, there needs to be transdisciplinary scientists or at least scientists capable 
of understanding and communicating outside of their own specialization, modellers who can interact 
with all disciplines and are familiar with general systems theory, and social scientists trained in 
stakeholder deliberation. The true limitations might lie in attempting to confront the existing power 
structure of institutions and organizations by convincing them to engage in the process. 
 
The VECTORS application was not able to trial the SAF methodology as proposed in the project 
proposal because it proved to be impossible to persuade any external stakeholders to assist the 
project. This included policy makers who could have adopted, executed or implemented the results. 
The SPICOSA application did benefit from some stakeholders’ assistance, but not all. A key 
stakeholder refused to participate because they (correctly) surmised that it was not in their interests 
for the project to succeed as they stood to lose financially if the results were implemented. The 
inclusion of stakeholders in the SAF methodology is rightly fundamental, but in practice, it can be 
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extremely difficult to persuade key stakeholders to participate, and this is a flaw in the SAF which 
needs addressing.  
 
The SAF methodology embodies a political process. Different classes of stakeholders often have 
different interests. An application may be financed by one class of stakeholders, to the possible 
detriment (or benefit) of others, and the decision-making process may rest with another class of 
stakeholders. Application models are dependent on stakeholders sharing important data or 
knowledge but this may be withheld for a variety of reasons including, but not limited to, lack of 
resources to participate, disinterest, concern about how the results will be used. 
 
This problem seems to be more acute in southern European countries because (unlike northern 
European countries) there is a weaker tradition of stakeholder participation in projects. More should 
be done to disseminate the benefits of the SAF methodology to policy makers and other 
stakeholders to encourage take up. At the project proposal stage, contact should be made with key 
stakeholders. Joint partnerships could be set up to bind key stakeholders to the project. Incentives 
would need to be offered, and the prime one will always be to produce results that are useful to the 
stakeholders. This is to be welcomed as it enhances the project. 
 
Perhaps an early optional broad and shallow phase could be added to any SAF project, to be 
implemented when stakeholders have not been co-opted in advance of the project. This phase 
would be used to engage with all possible stakeholders, to ascertain which stakeholders’ 
participation is crucial for the process. If it is found that key participation will be withheld, this early 
phase could be used to redirect the project in a way that stakeholders find more amenable. But it is 
crucial to bear in mind that as the SAF methodology is used to model real-world interactions, any 
results used will impact people’s lives. If people perceive that the impact will be negative, they may 
well wish to see the project fail. So it is important to identify ALL stakeholders not just the policy 
makers, i.e. who is affected by the application? Who wants this application done? Who stands to 
benefit? Who stands to lose? Whose input is crucial for the study? Where the broad and shallow 
phase identifies that a key problem for stakeholders’ participation is lack of resources, consideration 
should be given to instigating a SAF light version i.e. one with minimal involvement. This may not be 
ideal, but it would be much better than no involvement at all.  
 
Although the aim of the SAF is to manage coastal zone system towards sustainability, there remain 
questions regarding the scale of some of the issues involved. Many issues affecting coastal zone 
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systems around the world are beyond the scope of local or regional governance to be able to 
address singularly. Large scale issues affecting coastal zones such as loss in biodiversity, climate 
change, over-population, and over-extraction of resources are managed externally to coastal zones 
(or not at all in some cases) and require international agreements. It is beyond the expectations of 
the SAF to directly address these issues, but involving local stakeholders in the decision making  
process with local issues will hopefully increase awareness and willingness to cooperate at larger 
scales. 
 
Despite these problems encountered with applying the SAF during the SPICOSA and VECTORS 
projects, there were clearly benefits related to designing, building and testing the modelling aspect 
of the methodology. The scientific team did not have much experience with social-ecological 
modelling beforehand and most thought that the process was interesting – especially modelling the 
socio-economic aspects of the system. The transdisciplinary aspect of the SAF encouraged 
researchers who normally only focussed on their specific research topics, to engage with researchers 
from other disciplines. 
 
The SPICOSA and VECTORS projects were funded by the European Union (by the Framework 
Programme for Research and Technological Development). However, such research funds cannot 
subsidize all future implementations of the SAF - there has to be shared responsibility between 
science and policy. Obviously, for the policy makers to invest in the process and justify the 
expenditure at the political level, they would have to see the benefits either from previous 
implementations of the SAF or from envisaging the possible advantages of future iterations. 
 
The SAF is a well-structured methodology for cases where a mathematical model is both relevant 
and feasible with regards to both knowledge of the functioning of each component of the social-
ecological system and the availability of data, resources, and personnel. The SAF should be 
considered as a useful step-by-step guide for managing coastal zone systems towards sustainability. 
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5 Conclusions 
 
SPICOSA application  
 
 The model developed in the SPICOSA application demonstrated that the stormwater collectors 
have been useful in improving beach water quality in Barcelona, but there will be diminished 
returns in constructing more. 
 
 The economic value of the beach is clearly large in terms of both non-market value and revenues 
generated in the nearby bars and restaurants. The impact changes in water quality would have 
on the recreational appeal of the beach is estimated to be low but further research is 
recommended to determine beach users’ sensitivity to beach closures (bacteria limit exceeded) 
and turbidity. 
 
 The SPICOSA Systems Approach Framework (SAF) application highlights an important aspect of 
participatory management. It demonstrates that a deficit in social capital can seriously deter any 
participatory management process. However, for social capital to be built, confidence between 
the stakeholders needs to increase. The SAF methodology offers an opportunity for this to occur. 
 
 Further iterations of the SAF could increase social capital, improving participation and the 
decision making process. There needs to be real engagement between the stakeholders and not 
treat it just as a “game” or hypothetical situation for the interest only of the scientists. 
 
VECTORS application 
 
 The results of the scenario analysis from the VECTORS application show that P. noctiluca has a 
low impact on small pelagic fisheries, beach users and the regional economy. 
 
 This analysis should be viewed as a first attempt at analysing the complex effect of jellyfish on 
fisheries and beach tourism, and would be greatly improved by including further jellyfish species 
once the relevant data is available. This study only analyses the effect of P. noctiluca on fisheries 
and beach users when there are over 12 species of scyphomedusae in the region. 
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 This study is the first which tries to quantify the economic impact on tourism (beach users), 
fisheries (predation of fish larvae) as well as the wider impact on the regional economy. The 
model can be improved once the necessary data and knowledge becomes available but is a 
valuable first attempt at analysing this issue. 
 
 The greatest limitation of the SAF is convincing the relevant stakeholders and institutions to 
participate in the process. They can be reluctant to do so, partly because they might not 
perceive any benefit in doing so, or because they do not have the necessary time and personnel 
resources to do so. However, the model can still be seen as useful in informing stakeholders 
about the bioeconomic impact of jellyfish on fisheries in possible future deliberations when 
interest arises and resources are available. 
 
The Systems Approach Framework (SAF) 
 
 Both SAF applications were considerably constrained by the limitations in the available data. This 
meant that the models results had to be presented within a range of theoretical possibilities. If 
there had been resources within the projects to ascertain these data, this would have would 
have greatly improved the validity of the model, and the SAF applications would have had a 
greater impact. 
 
 There are many integrated models across a broad spectrum of disciplines but most of the peer-
reviewed literature only reports on the details of the models, rather than the whole process of 
integrating stakeholders. There is no easy way of knowing to what extent the stakeholders were 
involved in the process, whether the model was used in deliberation, whether the stakeholders 
found the model beneficial in understanding the system, nor whether there was any 
policy/management decision made during deliberation. For Integrated Assessment Modelling 
(IAM) to evolve it is important to understand what works and what does not. 
 
 There should be an easy way for researchers to attach addendums to their already published 
work outlining details of stakeholder participation and deliberation using their models. If this 
were the case, there would be the possibility of tracking an IAM study over time to identify 
which processes encouraged stakeholder participation, and the outcome of any decisions made 
during deliberation with the IAM model. 
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 The inclusion of stakeholders in the SAF methodology is rightly fundamental, but in practice, it 
can be extremely difficult to persuade key stakeholders to participate, and this is a flaw in the 
SAF which needs addressing. SAF Application model builders are dependent on stakeholders 
sharing important data or knowledge but this may be withheld for a variety of reasons including, 
but not limited to, lack of resources to participate, disinterest, concern about how the results 
will be used. 
 
 An early optional phase could be added to any SAF project, to be implemented when 
stakeholders have not been co-opted in advance of the project. This phase would be used to 
engage with all possible stakeholders, to ascertain which stakeholders’ participation is crucial for 
the process. If it is found that key participation will be withheld, this early phase could be used 
to redirect the project in a way that stakeholders find more amenable. 
 
 Although the aim of the SAF is to manage coastal zone system towards sustainability, there 
remain questions regarding the scale of some of the issues involved. Many issues affecting 
coastal zone systems around the world are beyond the scope of local or regional governance to 
be able to address singularly. It is beyond the expectations of the SAF to directly address these 
issues (externalities), but involving local stakeholders in the decision making  process with local 
issues will hopefully increase awareness and willingness to cooperate at larger scales. 
 
 Despite problems encountered with applying the SAF during the SPICOSA and VECTORS projects, 
there were clearly benefits related to designing, building and testing the modelling aspect of the 
methodology. The transdisciplinary aspect of the SAF encouraged researchers who normally only 
focussed on their specific research topics, to engage with researchers from other disciplines. 
 
 The SPICOSA and VECTORS projects were funded by the European Union. However, such 
research funds cannot subsidize all future implementations of the SAF - there has to be shared 
responsibility between science and policy funding agencies. Obviously, for the policy makers to 
invest in the process and justify the expenditure at the political level, they would have to see the 
benefits either from previous implementations of the SAF or from envisaging the possible 
advantages of future iterations. 
 
 The SAF is a well-structured methodology for cases where a mathematical model is both 
relevant and feasible with regards to both knowledge of the functioning of each component of 
the social-ecological system and the availability of data, resources, and personnel. The SAF 
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should be considered as a useful step-by-step guide for managing coastal zone systems towards 
sustainability. 
 
 167 
  
6 Appendices 
 
Appendix I: Constructing a SAF model 
 
This is an example of how a simple system can be modelled using the methodology described in the 
SPICOSA project. This example is taken from an internal SPICOSA project document designed to help 
modellers in constructing SAF models. (Note that the author (or authors) is not stated on the 
document but the work package co-ordinator was Cédric Bacher from IFREMER.) 
 
The model represents a simple predator-prey relationship between mussels and phytoplankton. First 
a causal loop diagram is constructed showing the interaction between the mussels and 
phytoplankton. The links are given a direction and whether they are positive or negative. Note there 
is a feedback loop between the grazing of mussels on the phytoplankton. 
 
Fig. 53: Causal loop diagram of mussel predation on phytoplankton 
 
 
Grazing by the mussels on the phytoplankton increases their biomass. The grazing rate (g) is limited 
by the phytoplankton biomass using a Michaelis-Menton limiting term with k as the half saturation 
rate. Not all the phytoplankton consumed by the mussels is converted into mussel biomass - this 
depends on the assimilation efficiency (𝛾), a value between 0 and 1. The mussels also have a natural 
mortality rate (m) which is proportional to their biomass. This can be expressed mathematically as: 
 168 
  
 
𝑑𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛
𝑑𝑡
=  −𝑔 × 𝑀𝑢𝑠𝑠𝑒𝑙𝑠 ×  
𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛
𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 + 𝑘
+ 𝑘 × 𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛  
 
𝑀𝑢𝑠𝑠𝑒𝑙𝑠
𝑑𝑡
 =  𝛾 × 𝑔 × 𝑀𝑢𝑠𝑠𝑒𝑙𝑠 ×  
𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛
𝑃ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 + 𝑘
− 𝑚 × 𝑀𝑢𝑠𝑠𝑒𝑙𝑠  
 
The conceptual model of this example can be represented in the following way. Note that the 
rectangle represents a state variable; the circle represents a mathematical function; and the 
diamond represents a parameter. 
 
Fig. 54: Conceptual model of mussel predation on phytoplankton 
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Appendix II: Summary of policy issues in the 18 study sites of the SPICOSA project 
 
Summary of policy issues in the 18 study sites of the SPICOSA project (Hopkins et al. 2012). All study 
sites had at least three ecological issues and at least two economic and social issues. 
(WWT=Wastewater treatment, N = nitrogen) 
 
Table 18: Summary of policy issues in the 18 study sites of the SPICOSA project 
 
 
 
 
ECOLOGICAL 24 ECONOMIC 16 SOCIAL 16
Pollution 6 Public Costs of WWT 6 Trans-Boundary Conflicts 3
Nitrogen Loading 5 Tourist Income 4 Ecosystem Health 2
Aquaculture 3 Costs of N-loading 2 Public Costs of WWT 2
Eutrophication 3 Employment Potential 2 Recreational Benefits 2
Transparency 3 Fishery Income 1 Seafood Contamination 2
Urban/Storm Runoff 3 Habitat Conservation 1 Tourist Employment 2
Harmful Algae 1 Directives 1
Public Costs of N-loading 1
User Conflicts 1
ECOLOGICAL 18 ECONOMIC 12 SOCIAL 12
Fish Population 4 Fishery Income 5 Ecosystem Health 3
Aquaculture Shellfish 3 Habitat Conservation 2 Habitat Conservation 2
Fishing Practices 3 Public Costs of WWT 2 Public Costs of N-loading 2
Benthic Habitat 2 Costs of N-loading 1 Public Costs of WWT 2
Nutrient Loading 2 Public Costs of WWT 1 Shore Property Values 1
Harmful Algae 1 Tourist Income 1 User Conflicts 1
Pollution 1 Seafood Contamination 1
Transparency 1
Storm Runoff 1
ECOLOGICAL 12 ECONOMIC 8 SOCIAL 8
Ecosystem Health 3 Agricultural Income 2 Recreational Benefits 3
Employment 2 Costs of N-loading 2 User Conflicts 3
User Conflicts 1 Employment Potential 2 Directives 1
Habitat Conservation 1 Freshwater Scarcity 1 Trans-boundary Conflicts 1
Seafood Contamination 1 Costs of WWT 1
Cultural Values 1
Property Values 1
Recreation Potential 1
WASTING
Distribution of policy issues for each area of human influence and for each ecological, social and economic dimension
HARVESTING
MODIFYING
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Appendix V: Definition of symbols, and units for SPICOSA model 
 
Table 21: Definition of symbols, and units for Principal drivers sub-model (SPICOSA) 
 
 
 
 
 
Table 22: Definition of symbols, and units for Beach water clarity sub-model (SPICOSA) 
 
 
  
Symbol Definition Units
P Precipitation (rainfall) mm m-2 day-1
B Drainage basin area m2
D Direct discharge of sewer water %
W d CSO water released directly to beaches m
3 day-1
W c CSO water entering stormwater collectors m
3 day-1
W t Total CSO released to beaches m
3 day-1
C Capacity of stormwater collectors m3
Symbol Definition Units
S T Suspended solids in beach water mg L
-1
S C Suspended solids in CSO mg L
-1
S R Suspended solids in river mg L
-1
S W Suspended solids caused by waves mg L
-1
S s Suspended solid settling factor day
-1
S Q Suspended solid wind dispersion factor day
-1
S Qr Suspended solid wind dispersion factor parameter —
W t CSO water outflow to beaches m
3 day-1
F r Flow of river m
3 s-1
V Volume of beach water m3
R w River wind function %
Q d Wind direction 0
o-360o
Q v Wind velocity ms
-1
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Table 23: Definition of symbols, and units for Beach water bacteria sub-model (SPICOSA) 
 
 
 
 
  
Symbol Definition Units
B T Faecal coliforms in beach water cfu 100mL
-1
B C Faecal coliforms from CSO (to beach water) cfu 100mL
-1
B Cr Faecal coliform conc. in CSO cfu 100mL
-1
B R Faecal coliforms from river (to beach water) cfu 100mL
-1
B Rr Faecal coliforms concentration in river cfu 100mL
-1
B W Faecal coliforms from WWTP outflow (to beach water) cfu 100mL
-1
B d Faecal coliforms decay rate day
-1
B Q Faecal coliforms wind dispersion factor day
-1
B Qr Faecal coliforms wind dispersion factor parameter —
W t Volume of CSO water outflow to beaches m
3 day-1
F R Flow of river m
3 s-1
F W Outflow of WWTP m
3 s-1
V Volume of beach water m3
R w River wind function %
Q d Wind direction 0
o-360o
Q v Wind velocity ms
-1
k l Bacteria decay (light) h
-1
kd Bacteria decay (dark) h-1
I Solar intensity cal cm-2 h-1
P Precipitation (rainfall) mm m-2 day-1
t Sea temperature oC
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Table 24: Definition of symbols, and units for Beach users sub-model (SPICOSA) 
 
 
 
Table 25: Definition of symbols, and units for Economic evaluation sub-model (SPICOSA) 
 
 
  
Symbol Definition Units
P Precipitation (rainfall) mm m-2 day-1
Q v Wind velocity ms
-1
T Air temperature oC
D Predisposition factor (Day) —
M Predisposition factor (Month) —
N Number of beach users (Guillén model) individuals
L Length of beach m
A Recreational appeal of beach —
N E Expected number of beach users (adjusted for rec. Appeal)) individuals
A S Recreational appeal affected by suspended solids —
A B Recreational appeal affected by faecal coliforms —
A U Recreational appeal affected by over-saturation of users —
A G Recreational appeal affected by "good" water status and under-saturation —
S T Suspended solids in beach water mg L
-1
B T Faecal coliforms in beach water cfu 100 mL
-1
Symbol Definition Units
N E Expected number of beach users 
(adjusted for rec. Appeal))
individuals
T Seat turnover (restaurants, restaurant-
bars, bars)
clients served / 
max. occupancy
O Maximum occupancy (restaurants, 
restaurant-bars, bars)
seats
P Average expense per person 
(restaurants, restaurant-bars, bars)
€
N b Percentage of restaurants/restaurant-
bars/bars clients from beach
%
i index of restaurants;bar-
restaurants;bars
—
R Revenues (restaurants, restaurant-
bars, bars)
€ day-1
x Travel cost per person €
y The visit rate (Travel cost method) —
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Appendix VI: River wind function (SPICOSA) 
 
The outflow of the river can potentially arrive to the beaches depending on the direction of the 
wind. The river is situated to the northeast of the beaches (with the coastline running approximately 
from northeast to southwest). So if the wind direction (Qd) is between 0
o and 90o then a certain 
proportion of the river will arrive to the beaches. There was no available model to calculate the 
exact percentage of river water that would arrive to each beach so images of the coastline were 
examined and compared to the wind direction and velocity for that day. From the images, there was 
a tendency for the river plume to arrive further down the coast to the furthest beach (Andrea Doria) 
when the wind velocity was greatest.  When the wind velocity was low the nearest beaches to the 
river would receive the majority of the river plume. From analysing the images, the maximum total 
percentage of the river that can arrive to the beaches was set to 50%. It is likely that current velocity 
and direction would also influence the direction and dispersion of the river into the sea. I 
acknowledge that this function is a rough estimate and should be improved in future iterations of 
the model. This function is used in both the Beach water clarity and Beach water bacteria sub-
models. 
Fig. 56: River wind function (SPICOSA) 
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Appendix VII: Calculation of suspended solid caused by waves (SPICOSA) 
 
Calculation of suspended solid caused by waves (𝑐𝑚𝑍). All the equations are taken from Soulsby 
(1997). 
Input variables are: wave period (T); depth (D); wave height (H); grain size (d); and height about 
seabed (z) 
 
Parameters: 
𝑔 = 9.81  Acceleration due to gravity (m s-2) 
𝜌𝑠 = 2650  Density of sediment grains (kg m
-3) 
𝜇 = 0.0014  Dynamic viscosity of seawater (N s m2) 
𝜌 = 1027  Density of saltwater (kg m-3) – (Fixed for this model) 
 
Equations: 
Padé approximation to solve wavelength: 
𝐺 = ((
2𝜋
𝑇
)
2
) 
𝐷
𝑔
 
𝐹 = 𝐺 + 
1
1 +  0.6522𝐺 +  0.4622𝐺2 + 0.0864𝐺4 + 0.0675 𝐺5
 
𝐿 = 𝑇 (
𝑔𝐷
𝐹
)
0.5
 
Ratio of densities of grain and water: 
𝑠 =
𝜌𝑠
𝜌
  
Kinematic viscosity of water: 
𝜈 =  
𝜇
𝜌
 
Amplitude of wave orbital velocity: 
𝑢𝑊 = 
(𝜋𝐻)
𝑇 sinh (𝑑
2𝜋
𝐿 )
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Orbital amplitude: 
𝐴 =
𝑢𝑊𝑇
2𝜋
 
Dimensionless grain size: 
𝐷∗ = (
𝑔(𝑠 − 1)
𝜈2
)
1
3⁄
𝑑 
Threshold shields parameter: 
𝜃𝑐𝑟 =
0.30
1 + (1.2𝑑∗)
+ 0.055(1 − 𝑒−0.02𝑑
∗
) 
Grain settling velocity: 
𝑤𝑠 = 
𝜐
𝑑
√(10.362 + 1.049𝐷∗
3) − 10.36 
Rough-bed wave friction factor: 
𝑟 =  
𝑢𝑊𝑇
5𝜋𝑑
 
𝑓𝑤𝑟 = 0.00251 𝑒
5.21𝑟−0.19  
Wave friction factor (note that the formula requires a value for fw for which fwr has been used – i.e. it 
is assumed that the flow is rough turbulent). 
𝜏𝑤𝑠 =
1
2
 𝜌 𝑓𝑤𝑟 𝑢𝑊
2 
Skin-friction Shields parameter: 
𝜃𝑤𝑠 = 
𝜏𝑤𝑠
𝑔(𝜌𝑠 −  𝜌)𝑑
  
Ripple wavelength (𝜆) and height (𝜂): 
𝜃𝐵 = 1.8 𝜃𝑐𝑟 (
𝐷∗
1.5
4
)
0.6
 
(1) 𝜃𝑤𝑠  ≤  𝜃𝑐𝑟    ⟹  𝜂 = 0 
𝜆 = 0  
(2) 𝜃𝑐𝑟 < 𝜃𝑤𝑠   &    𝜃𝑤𝑠 ≤ 𝜃𝐵   ⟹  𝜂 = 0.22 ((
𝜃𝑤𝑠
𝜃𝑐𝑟
)
−0.16
)𝐴 
 
𝜆 =
𝜂
0.16 (
𝜃𝑤𝑠
𝜃𝑐𝑟
)
−0.04 
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(3) 𝜃𝑤𝑠 > 𝜃𝐵   ⟹  𝜂 = 0.48 (
𝐷∗
1.5
4
)
0.8
(
𝜃𝑤𝑠
𝜃𝑐𝑟
)
−1.5
𝐴 
𝜆 =  
𝜂
0.28((
𝐷∗
1.5
4 )
0.6
(
𝜃𝑤𝑠
𝜃𝑐𝑟
)
−1
)
 
Decay length scale (𝑙): 
(1) (
𝑢𝑊
𝑤𝑠
) < 18    ⟹  𝑙 = 0.075(
𝑢𝑊
𝑤𝑠
) 𝜂 
 
(2) (
𝑢𝑊
𝑤𝑠
) ≥ 18    ⟹  𝑙 = 1.4 𝜂 
Reference concentration: 
𝜃𝑟 = 
𝑓𝑤𝑟 𝑢𝑊
2
2(𝑠 − 1)𝑔 𝑑 (1 − 𝜋 (
𝜂
𝜆))
2  
Sediment concentration at height z: 
𝑐𝑍 = 0.005 𝜃𝑟
3𝑒
−𝑧
𝑙  
Sediment concentration if threshold exceeded: 
(1) 𝑑 < 0.0005  ⟹ 𝑢𝑤𝑐𝑟 = (0.118𝑔(𝑠 − 1))
2
3⁄  𝑑
1
3⁄ 𝑇
1
3⁄  
(2) 𝑑 ≥ 0.0005  ⟹ 𝑢𝑤𝑐𝑟 = (1.09𝑔(𝑠 − 1))
4
7⁄  𝑑
3
7⁄ 𝑇
1
3⁄  
Mass per volume (kg m-3) 
(1) 𝑢𝑊 <  𝑢𝑤𝑐𝑟   ⟹ 𝑐𝑚𝑍 = 0  
(2) 𝑢𝑊 >  𝑢𝑤𝑐𝑟  ⟹ 𝑐𝑚𝑍 = 𝑐𝑍 𝜌𝑠 
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Appendix VIII: Solar intensity for Barcelona (SPICOSA) 
 
Solar intensity for Barcelona (cal cm-2 h-1) (Villarrubia et al. 1980) 
 
This table is used in the Beach water bacteria model to calculate the decay of bacteria. 
 
 
Table 26: Solar intensity per hour and month for Barcelona (SPICOSA) 
 
 
  
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Jan 0 0 0 0 0 0 0 2 11 21 28 32 31 28 20 10 2 0 0 0 0 0 0 0
Feb 0 0 0 0 0 0 0 8 18 26 33 36 37 31 23 14 5 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 2 9 20 31 40 43 44 38 34 23 13 4 0 0 0 0 0 0
Apr 0 0 0 0 0 1 9 21 33 45 52 57 57 52 42 32 20 9 1 0 0 0 0 0
May 0 0 0 0 0 4 14 25 38 48 55 62 62 57 49 37 26 13 4 0 0 0 0 0
June 0 0 0 0 1 6 17 28 40 48 57 59 59 56 49 38 27 15 5 0 0 0 0 0
July 0 0 0 0 0 6 17 28 40 51 60 65 65 61 54 43 30 16 5 0 0 0 0 0
Aug 0 0 0 0 0 3 13 25 38 49 58 63 62 57 49 38 25 11 2 0 0 0 0 0
Sep 0 0 0 0 0 0 5 15 27 36 42 48 48 44 36 26 15 4 0 0 0 0 0 0
Oct 0 0 0 0 0 0 1 8 18 27 35 39 38 35 28 18 8 1 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 3 10 19 25 29 28 24 18 10 2 0 0 0 0 0 0 0
Dec 0 0 0 0 0 0 0 1 7 16 22 25 25 22 16 7 1 0 0 0 0 0 0 0
Solar time
Month
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Appendix IX:  Screenshots of the model presented to stakeholders (SPICOSA) 
 
The user can select which scenarios to run as well as select which output results to view 
 
Fig. 57: Example screenshots of model in ExtendSim (SPICOSA) 
 
 
The model is hierarchical so that from the initial view the user can understand the system as a 
whole. By opening sub-models or blocks, a lower hierarchical level is shown to display further details 
of the model. 
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The user can keep opening lower levels until they arrive at the programming code. 
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Appendix X: Definition of symbols, and units for fisheries sub-model (VECTORS) 
 
Table 27: Definition of symbols, and units for fisheries sub-model (VECTORS) 
 
Symbol Definition Units 
 𝐿∞ Maximum length (Von Bertalanffy growth model) cm 
𝑁 Mean number of individuals individual 
𝑡0 Age at length 0 (Von Bertalanffy growth model) year 
𝑤 Mean individual weight g 
𝑩 Mean biomass ton 
a Age month 
A Parameter in length-weight equation — 
annualC Annual cost in running vessel excluding daily costs €/year 
B Parameter in length-weight equation — 
C Catch ton/month 
c1 Percentage paid to fish market for sale of catch % 
c3 Percentage of profits given to crew (“monte menor”) % 
c6 Public debt interest rate % 
Co Costs €/month 
Co1 Trade costs €/month 
Co2 Daily costs €/month 
Co3 Labour costs €/month 
Co4 Compulsory costs (fixed) €/month 
Co5 Maintenance costs (variable) €/month 
Co6 Opportunity costs €/month 
Cy Catch ton/year 
F Fishing mortality rate year-1 
fc Fuel consumption litre/year 
fp Fuel price €/litre 
G Proportion of mature fish % 
i Species index — 
I Total number of species — 
ice Daily consumption of ice €/day 
J Predation of by P. noctiluca (see Jellyfish sub-model) individual 
k Growth rate (Von Bertalanffy growth model) year-1 
K Capital of vessel(s) € 
l Length cm 
M Natural mortality rate year-1 
m Maximum age month 
N Population of species individual 
NFD Number of fishing days worked in a year days 
oDC Other daily direct costs (excluding ice and fuel) e.g. repairs, 
food for crew 
€/year 
p Price of species €/kg 
P Total monthly revenues €/month 
percFC Percentage of annual costs which are compulsory costs % 
percVC Percentage of annual costs which are maintenance costs % 
Py Total yearly revenues €/year 
S Fecundity of species individual Larvae/year 
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Table 27 continued: Definition of symbols, and units for fisheries sub-model (VECTORS) 
 
Symbol Definition Units 
s Fecundity modifier (proportion for given month) — 
SSB Spawning stock biomass ton 
SSBy Spawning stock biomass ton 
t Time month 
T Time year 
v Zone index — 
V Total number of zones — 
Z Total mortality rate month-1 
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Appendix XI: Input values for fisheries sub-model (VECTORS) 
 
Biological fish-growth parameters for sardine (Sardina pilchardus) and anchovy (Engraulis 
encrasicolus) used in the von Bertalanffy growth model and the length-weight relation equation are 
shown in Table 28. They were calculated by averaging the values from 2002 to 2009 for the 
Northern Spain geographical sub-area (GSA06) in the Assessment of Mediterranean Stocks written 
by the Scientific, Technical and Economic Committee for Fisheries (Cardinale et al. 2010). 
 
Table 28: Biological fish-growth parameters for sardine and anchovy (VECTORS) 
Parameter Anchovy Sardine 
m (Maximum age in months)  47 71 
A 0.003413 0.004720 
B 3.260 3.202 
𝐿∞ 19 23 
k 0.363 0.314 
𝑡0 -2.046 -2.383 
 
Maturity, natural mortality, fishing mortality were also averaged from 2002 to 2009 for GSA06 
(Cardinale et al. 2010), and were then smoothed from a yearly value to a monthly value as shown in 
Table 31 (anchovy) and Table 32 (sardine) with the exception of larva (Age 0) natural mortality 
whose calculation is described below.  
 
Initial population of each age-group for each species for each zone is based on the estimations from 
Cardinale et al. (2010) for the whole of GSA06. The number of catches by species and zone was 
calculated as an average from 2002 to 2009 from officially recorded data from the fishing ports 
(IDESCAT 2010) and converted to a percentage of catches for the whole of GSA06 for 2002-2009 as 
shown in Table 29. (Note that GSA06 includes not only Catalonia but most of the Valencian coast 
too). These percentages were then multiplied by the population levels for each age-group from 
Cardinale et al. (2010). The initial population for each age-group for each zone is shown in Table 31 
(anchovy) and Table 32 (sardine). 
 
Table 29: Percent of catches of GSA06 in each zone by species (VECTORS) 
 
 
Anchovy Sardine
Tarragona 16.6 15.9
Barcelona 15.0 13.9
Girona 26.6 13.8
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An initial estimate for yearly anchovy fecundity was taken from the literature for North Aegean Sea 
(Eastern Mediterranean) (Mantzouni et al. 2007) which is based on a function of probability of 
individual survival to the spawning season, maternity and the summer survival of the spawners. It is 
not the same rate as we need for our model but it gives us a pattern of fecundity across age-groups 
- Fecundity is approximately half when aged 0 and 3 years in comparison to aged 1 and 2 as shown 
in Table 30 (Mantzouni et al. 2007). There was no available age-based sardine fecundity rate in the 
literature, so a lifetime fecundity rate was adapted from Froese and Pauly (2014) to a yearly age-
group based rate. 
 
These fecundity rates were then multiplied by a factor (the same used for each age-group) to 
reproduce concentration levels of larvae that are normally found in the Catalan sea (García and 
Palomera 1996, Olivar et al. 2003, Sabatés et al. 2007, 2013, Martín et al. 2008). (Remember that 
this fecundity rate (S) is then multiplied by a fecundity modifier (s) so that anchovy only reproduce 
in the summer months, and sardines only in the winter months).  
 
The larva (Age 0) natural mortality was then adjusted to create a stable population output. The 
value which produces a stable output for the yearly natural mortality of anchovy is 94 year-1 which is 
similar to that found in the literature (0.2 day-1 = 73 year-1 (Mantzouni et al. 2007) and 0.286 day-1 = 
104 year-1 (Pertierra et al. 1997)). The value of sardine natural mortality which produces a stable 
population is 87 year-1 - similar to an analysis in the Eastern Liguria (Romanelli et al. 2002) which 
calculated sardine larva natural mortality as a range between 0.109—0.362 day-1 = 40—132 year-1. 
 
Table 30: Fecundity rate of anchovy taken from Mantzouni et al. (2007) (VECTORS) 
 
 
  
Age-group (years) Fecundity rates
0 82.62
1 160.17
2 166.88
3 64.06
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Table 31: Anchovy maturity, natural mortality, fishing mortality, fecundity and initial population per 
zone (VECTORS) 
 
 
 
 
 
 
  
Age (a ) Maturity 
(G )
Natural 
mortality (M )
Fishing 
mortality (F )
Fecundity 
(S )
Population 
Tarragona (N)
Population 
Barcelona (N)
Population 
Girona (N)
0 - 94.00 - - - - -
1 0.09 1.59 - - 228971436 207909313 367325105
2 0.18 1.51 - - - - -
3 0.26 1.42 - - - - -
4 0.34 1.33 - - - - -
5 0.41 1.25 - - - - -
6 0.47 1.16 0.104 4131 - - -
7 0.53 1.08 0.185 4131 - - -
8 0.58 0.99 0.248 4131 - - -
9 0.63 0.90 0.299 4131 - - -
10 0.68 0.82 0.341 4131 - - -
11 0.72 0.73 0.378 4131 - - -
12 0.76 0.71 0.415 8009 - - -
13 0.79 0.67 0.455 8009 97856917 88855469 156985968
14 0.82 0.63 0.499 8009 - - -
15 0.84 0.60 0.550 8009 - - -
16 0.87 0.57 0.611 8009 - - -
17 0.88 0.55 0.681 8009 - - -
18 0.90 0.52 0.762 8009 - - -
19 0.91 0.50 0.855 8009 - - -
20 0.92 0.48 0.958 8009 - - -
21 0.93 0.47 1.071 8009 - - -
22 0.93 0.45 1.194 8009 - - -
23 0.93 0.43 1.325 8009 - - -
24 1.00 0.42 1.461 8344 - - -
25 1.00 0.41 1.600 8344 32546062 29552286 52211690
26 1.00 0.40 1.739 8344 - - -
27 1.00 0.38 1.874 8344 - - -
28 1.00 0.37 2.003 8344 - - -
29 1.00 0.36 2.119 8344 - - -
30 1.00 0.36 2.219 8344 - - -
31 1.00 0.35 2.297 8344 - - -
32 1.00 0.34 2.347 8344 - - -
33 1.00 0.33 2.363 8344 - - -
34 1.00 0.32 2.338 8344 - - -
35 1.00 0.32 2.266 8344 - - -
36 1.00 0.31 2.137 3253 - - -
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Table 31 continued: Anchovy maturity, natural mortality, fishing mortality, fecundity and initial 
population per zone (VECTORS) 
 
 
 
 
Table 32: Sardine maturity, natural mortality, fishing mortality, fecundity and initial population per 
zone (VECTORS) 
 
 
Age (a ) Maturity 
(G )
Natural 
mortality (M )
Fishing 
mortality (F )
Fecundity 
(S )
Population 
Tarragona (N)
Population 
Barcelona (N)
Population 
Girona (N)
37 1.00 0.30 1.945 3253 2523364 2291250 4048081
38 1.00 0.30 1.680 3253 - - -
39 1.00 0.29 1.334 3253 - - -
40 1.00 0.29 0.896 3253 - - -
41 1.00 0.28 0.358 3253 - - -
42 1.00 0.28 0.358 3253 - - -
43 1.00 0.27 0.358 3253 - - -
44 1.00 0.27 0.358 3253 - - -
45 1.00 0.26 0.358 3253 - - -
46 1.00 0.26 0.358 3253 - - -
47 1.00 0.25 0.358 3253 - - -
Age (a ) Maturity 
(G )
Natural 
mortality (M )
Fishing 
mortality (F )
Fecundity 
(S )
Population 
Tarragona (N)
Population 
Barcelona (N)
Population 
Girona (N)
0 - 87.00 - - - - -
1 - 1.46 - - 364963951 320136987 317317562
2 - 1.39 - - - - -
3 - 1.32 - - - - -
4 - 1.25 - - - - -
5 - 1.18 - - - - -
6 0.39 1.11 0.012 1819 - - -
7 0.44 0.97 0.050 1819 - - -
8 0.49 0.88 0.095 1819 - - -
9 0.53 0.82 0.147 1819 - - -
10 0.57 0.76 0.204 1819 - - -
11 0.61 0.72 0.266 1819 - - -
12 0.65 0.67 0.332 3639 - - -
13 0.69 0.64 0.401 3639 49589698 43498807 43115716
14 0.72 0.61 0.472 3639 - - -
15 0.75 0.58 0.544 3639 - - -
16 0.78 0.56 0.618 3639 - - -
17 0.81 0.54 0.691 3639 - - -
18 0.83 0.52 0.765 3639 - - -
19 0.86 0.50 0.837 3639 - - -
20 0.88 0.48 0.907 3639 - - -
21 0.90 0.47 0.976 3639 - - -
22 0.92 0.45 1.042 3639 - - -
23 0.93 0.44 1.105 3639 - - -
24 0.95 0.43 1.165 3639 - - -
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Table 32 continued: Sardine maturity, natural mortality, fishing mortality, fecundity and initial 
population per zone (VECTORS) 
 
 
 
  
Age (a ) Maturity 
(G )
Natural 
mortality (M )
Fishing 
mortality (F )
Fecundity 
(S )
Population 
Tarragona (N)
Population 
Barcelona (N)
Population 
Girona (N)
25 0.96 0.41 1.221 3639 7744943 6793664 6733833
26 0.97 0.40 1.272 3639 - - -
27 0.98 0.39 1.320 3639 - - -
28 0.99 0.38 1.363 3639 - - -
29 1.00 0.38 1.401 3639 - - -
30 1.00 0.37 1.435 3639 - - -
31 1.00 0.36 1.463 3639 - - -
32 1.00 0.35 1.486 3639 - - -
33 1.00 0.34 1.504 3639 - - -
34 1.00 0.34 1.516 3639 - - -
35 1.00 0.33 1.523 3639 - - -
36 1.00 0.33 1.526 3639 - - -
37 1.00 0.32 1.523 3639 874977 767507 760748
38 1.00 0.31 1.515 3639 - - -
39 1.00 0.31 1.502 3639 - - -
40 1.00 0.30 1.485 3639 - - -
41 1.00 0.30 1.463 3639 - - -
42 1.00 0.29 1.437 3639 - - -
43 1.00 0.29 1.408 3639 - - -
44 1.00 0.28 1.375 3639 - - -
45 1.00 0.28 1.339 3639 - - -
46 1.00 0.28 1.301 3639 - - -
47 1.00 0.27 1.260 3639 - - -
48 1.00 0.27 1.218 3639 - - -
49 1.00 0.26 1.175 3639 212871 186725 185080
50 1.00 0.26 1.132 3639 - - -
51 1.00 0.26 1.088 3639 - - -
52 1.00 0.25 1.046 3639 - - -
53 1.00 0.25 1.004 3639 - - -
54 1.00 0.25 0.965 3639 - - -
55 1.00 0.25 0.943 3639 - - -
56 1.00 0.24 0.943 3639 - - -
57 1.00 0.24 0.943 3639 - - -
58 1.00 0.24 0.943 3639 - - -
59 1.00 0.23 0.943 3639 - - -
60 1.00 0.23 0.943 1819 - - -
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Table 32 continued: Sardine maturity, natural mortality, fishing mortality, fecundity and initial 
population per zone (VECTORS) 
 
 
 
 
The fecundity modifier (s) was estimated using egg and larva population data for anchovies and 
sardines taken from the literature (Sabatés 1990, Palomera 1992, Olivar et al. 2003) and shown in 
Table 33. Note that in the table the values are advanced by one month because the spawning occurs 
at time t+1. Therefore, for example, we would expect to see the greatest number of anchovy larvae 
in June, because May has the highest value (0.4). 
 
Table 33: Fecundity modifier for anchovy and sardine (VECTORS) 
 
 
Input data for the vessel, fleet and market parameters are shown in Table 34. The number of 12-
24m purse seiners working in each zone was divided by the total for Spain and the fleet capital (K) 
calculated accordingly (Anderson and Carvalho 2013).  
 
Age (a ) Maturity 
(G )
Natural 
mortality (M )
Fishing 
mortality (F )
Fecundity 
(S )
Population 
Tarragona (N)
Population 
Barcelona (N)
Population 
Girona (N)
61 1.00 0.23 0.943 1819 966888 848129 840659
62 1.00 0.23 0.943 1819 - - -
63 1.00 0.22 0.943 1819 - - -
64 1.00 0.22 0.943 1819 - - -
65 1.00 0.22 0.943 1819 - - -
66 1.00 0.22 0.943 1819 - - -
67 1.00 0.22 0.943 1819 - - -
68 1.00 0.21 0.943 1819 - - -
69 1.00 0.21 0.943 1819 - - -
70 1.00 0.21 0.943 1819 - - -
71 1.00 0.21 0.943 1819 - - -
Month Anchovy Sardine
1 - 0.05
2 - 0.03
3 - 0.02
4 0.09 0.01
5 0.4 -
6 0.34 -
7 0.1 -
8 0.04 0.02
9 0.02 0.06
10 0.01 0.4
11 - 0.33
12 - 0.08
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Table 34: Vessel, fleet and market input parameters (VECTORS) 
 
 
 
  
Tarragona Barcelona Girona
annualC 280000 518000 392000
c1 19.5 19.5 19.5
c3 40 40 40
c6 0.7 0.7 0.7
fc 19200 35520 26880
fp 0.4 0.4 0.4
ice 33 33 33
K 5540000 10249000 7756000
NFD 190 190 190
oDC 0 0 0
p (anchovy) 1.62 1.62 1.62
p (sardine) 1.27 1.27 1.27
percFC 70 70 70
percVC 30 30 30
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Appendix XII: Estimation of parameters for P. noctiluca projection matrix (VECTORS) 
 
The size frequency distribution data for P. noctiluca over three years  from Rosa et al. (2013) was 
extracted and converted into a monthly percentage of immature and mature jellyfish as shown in 
Table 35 and Fig. 57. (For this analysis P. noctiluca with a diameter larger than 40 mm are considered 
to be mature given that oocytes are present in the ovaries of individuals with diameter 35 mm and 
male gonads are mature in individuals larger than 35 mm (Rottini-Sandrini and Avian 1991)) 
 
Table 35: Percentage of immature and mature P. noctiluca per month (adapted from (Rosa et al. 
2013)) (VECTORS) 
 
 
Fig. 57: Monthly immature and mature P. noctiluca as a percentage of annual total (adapted from 
Rosa et al. (2013)) (VECTORS) 
 
 
 
 
 
Month Immature Mature Immature Mature Immature Mature
1 26 15 0 3 0 8
2 0 8 0 1 0 5
3 46 28 77 9 14 7
4 15 9 8 10 45 14
5 5 5 12 22 37 22
6 0 6 0 32 0 29
7 0 5 2 8 4 15
8 8 5 1 2 0 0
9 0 0 0 2 0 0
10 0 6 0 2 0 0
11 0 3 0 1 0 0
12 0 10 0 8 0 0
2009 2010 2011
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In each of the three years, immature P. noctiluca start to appear in late winter and peak in early 
spring before maturing or dying. Mature P. noctiluca generally peak a little later, towards the end of 
spring although can exist in low numbers until the end of the year. The data was combined into an 
average of the three years, smoothed using a moving average with period 3 as shown in Fig. 58. 
 
These percentages were then converted to a hypothetical population of mature and immature 
individuals as shown in Fig. 58. The data from Rosa et al. (2013) shows fewer immature individuals 
than mature individuals when aggregated over the year, probably because the immature individuals 
where harder to spot due to their size and possibly because they were deeper in the water column 
preventing clear observation. Obviously this is not a true reflection of the population size of each 
class as all mature individuals must first be an immature individual. However, given an average 
mortality rate of 0.4 (33%) per month (Malej and Malej 1992) and assuming a duration of two 
months for immature P. noctiluca, approximately 55% of immature would survive until the mature 
stage (survival = 1 – e-zt). Therefore we estimate that over the year there would be 55% more 
immature individuals than mature. The number of immature individuals was increased 
proportionally to the monthly observed percent extracted from Rosa et al. (2013), until over the year 
there were 55% more immature than mature individuals. It is important to note that when 
constructing a population matrix model the absolute numbers are not important, whereas the 
relative number of each class is necessary for correct parameterisation.  
 
Fig. 58: Converting data taken from Rose et al. (2013) to hypothetical population (VECTORS) 
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There was no data from Rosa et al. (2013) regarding the abundance of ephyra. An estimate was 
taken from data during the FISHJELLY research campaign undertaken along the Catalan coast in June 
2011 which collected both P. noctiluca and ephyra samples. The ratio of ephyrae to adults in the 
samples was approximately 378:1. Given the fact there was no better data available, the number of 
adults was multiplied by 378 for each month and then hastened by 2 months to reflect the duration 
time in the ephyra class. Similarly the dummy variable (which is a mathematical construct in place of 
the egg and planula stage) used the same time series as the ephyra class advanced by 2 months. It 
should be noted that this dummy class is not important for our analysis so the value of the 
population of this class is irrelevant. It is more important to capture the changing dynamics of the 
classes within the year. 
 
Fig. 59: Time series data used to parameterise population matrix model (VECTORS) 
 
 
This time series was then used to calculate the parameters for the projection matrix using the 
(inverse) regression method for time series as described in Caswell (2006). Whereas the forward 
problem (determining the future population given a population at time t and a projection matrix) is a 
resolved with matrix multiplication, the inverse problem is more difficult to calculate because there 
are non-unique solutions – many matrix models can produce the same dynamics. For example, 
suppose there are two foxes alive yesterday and three foxes alive today. It is both possible 
(mathematically) that (1) one fox was born today and (2) 101 foxes were born today and 100 foxes 
also died. In order to parameterise the projection matrix which reflects reality, limitations are placed 
on the final selection of coefficients which are both mathematically and biologically logical. 
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For a time series with T time points of data and s number of life stages: n(1), n(2), … , n(T) , the 
matrix equation at row i is calculated by: 
 
𝑛𝑖(𝑡 + 1) =  ∑𝑎𝑖𝑗𝑛𝑗(𝑡)
𝑠
𝑗=1
 
 
This can be expressed as a matrix multiplication: 
 
(
𝑛𝑖(2)
𝑛𝑖(3)
⋮
𝑛𝑖(𝑇)
) = (
𝑛1(1) ⋯ 𝑛𝑠(1)
𝑛1(2) ⋯ 𝑛𝑠(2)
⋮  ⋮
𝑛1(𝑇) ⋯ 𝑛𝑠(𝑇 − 1)
) (
𝑎𝑖1
⋮
𝑎𝑖𝑠
) 
 
Given that there are more observations in the time series n than there are coefficients a to estimate, 
this means there is no exact solution. To find a solution, we can estimate the coefficients using 
standard multiple linear regression techniques such as ordinary least squares. 
 
For a time series n(1), n(2), … , n(T) , and projection matrix A: 
 
𝑨 = [
𝐿1 0 0 𝑅4
𝐺1 𝐿2 0 0
0 𝐺2 𝐿3 0
0 0 𝐺3 𝐿4
]    
 
For any stage i > 1: 
 
(
𝑛𝑖(2)
⋮
𝑛𝑖(𝑇)
) =  (
𝑛𝑖−1(1) 𝑛𝑖(1)
⋮ ⋮
𝑛𝑖−1(𝑇 − 1) 𝑛𝑖(𝑇 − 1)
) (
𝐺𝑖−1
𝐿𝑖
) 
 
Each pair of parameters (Gi-1 and Pi) was resolved using ordinary least squares until the projection 
matrix was completed with the exception of the reproduction value, R4. Given that the estimation of 
each pair of parameters is independent, this could introduce unknown bias into the estimates. 
Despite this, the technique works well with noise-free artificial data (Caswell 2006). 
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For the stage i=1, the reproduction value R also needs to be calculated. Similarly to the Malej and 
Malej (1992) matrix population model, the projection matrix would change during the year to reflect 
the reproductive cycle of P. noctiluca. All coefficients are fixed except for R which changes 
depending on the month of year. Malej and Malej (1992) determined that P. noctiluca reproduces 
from April to November, however other studies contradict this. The actual spawning period is not 
clearly defined: Avian et al. (1983) and Rottini-Sandrini and Avian (1991) suggest that reproduction 
occurs all year with an increase in autumn; Piccinetti et al. (1991) report reproduction is highest in 
winter; according to Goy et al. (Goy et al. 1989) reproduction is highest from May to August; and 
Rosa et al. (2013) suggest that maximum activity occurs in late autumn-winter. Given that our data 
set is based on that from Rosa et al. (2013), we decided to use the same spawning period – October 
to January. 
 
So for a time series with monthly observations (with January at t =1) and stage i > 1, 
 
If t modulo 12 ≤ 1 or t modulo 12 ≥ 10: 
 
(
𝑛1(2)
⋮
𝑛1(𝑇)
) =  (
𝑛4(1) 𝑛1(1)
⋮ ⋮
𝑛4(𝑇 − 1) 𝑛1(𝑇 − 1)
) (
𝑅4
𝐿1
) 
 
If 2 ≤  t modulo 12  ≤ 9: 
 
(
𝑛1(2)
⋮
𝑛1(𝑇)
) =  (
𝑛4(1) 𝑛1(1)
⋮ ⋮
𝑛4(𝑇 − 1) 𝑛1(𝑇 − 1)
) (
0
𝐿1
) 
 
The projection matrices were calculated using the previously described technique and revealed the 
following: 
 
February – September:  [
0.350 0 0 0
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
 
October – January:  [
0.350 0 0 2436
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
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Appendix XIII: Published papers 
 
The first paper “The Systems Approach Framework as a Complementary Methodology of Adaptive 
Management: a Case Study in the Urban Beaches of Barcelona” was published in Ecology and Society 
(Impact factor: 2.669) 
 
The second paper “Systems approach modelling of the interactive effects of fisheries, jellyfish and 
tourism in the Catalan coast” has been accepted by Estuarine Coastal and Shelf Science (Impact 
factor: 2.324) 
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







         
      






      

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



        
        



       


 





         
   
         




   




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



        
         
        


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Abstract: 
Despite the large fluctuation in annual recordings of gelatinous plankton along the Catalan coast in the 
north western Mediterranean and the lack of long term data sets, there is a general perception that 
jellyfish abundances are increasing. Local authorities are concerned about the stranding events and 
arrivals of jellyfish to beaches and believe it could reduce the recreational appeal of the beaches - a 
valuable ecosystem service for the regional tourist industry. Previous studies also demonstrate the 
predation of jellyfish (Pelagia noctiluca ephyrae) upon some small pelagic fish larvae (Engraulis 
encrasicolus). Small pelagics are the principal source of revenue for the local fisheries. A social-
ecological model was created in order to capture the effects of changes in abundance of Pelagia 
noctiluca upon the local fisheries, the tourist industry and the wider economy. The following sub-
models were constructed and connected following the systems approach framework methodology: an 
 216 
 
age-class based fisheries model; a jellyfish population matrix model; a jellyfish stranding model; a 
study on the impact of jellyfish strandings on beach users; and an economic input-output matrix. 
Various future scenarios for different abundances of jellyfish blooms were run. The “Expected 
blooms” scenario is similar to the quantity and size of blooms for 2000-2010. For a hypothetical “No 
blooms” scenario (standard background level of jellyfish but without any blooms) landings would 
increase by around 294 tonnes (5.1%) per year (averaged over 10 years) or approximately 0.19 M€ in 
profits per year (4.5 %), and strandings would decrease by 49%. In a “Frequent blooms” scenario, 
landings would decrease by around 147 tonnes per year (2.5%) and decrease profits by 0.10 M€ per 
year (2.3%), and strandings would increase by 32%. Given the changes that these scenarios would 
cause on the regional gross domestic product and employment, this study concludes that the overall 
impact of either of these scenarios on the economy would not be significant at the regional scale. 
 
Graphical Abstract: 
 
Highlights: 
 We model the economic impacts of Pelagia noctiluca on small pelagic fisheries and beach users 
 The impact of an increase in Pelagia noctiluca on small pelagic fisheries in Catalonia is low 
 The impact of an increase in Pelagia noctiluca on tourism in Catalonia is low 
 The impact of an increase in Pelagia noctiluca would not be significant at the regional scale 
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1 Introduction 
Jellyfish occur naturally in the coastal waters of Catalonia in the North Western Mediterranean Sea 
(Calvo et al., 2011; Condon et al., 2012; Gili et al., 1988; Goy et al., 1989). Despite the widespread 
perception that their numbers are increasing (Canepa et al., 2013), there is a lack of long term 
observations to confirm this hypothesis (Pauly et al., 2009; Purcell et al., 2007). Speculation regarding 
this possible long term increase has been attributed to climate change, over-fishing of predators and 
competitors, eutrophication, habitat modification (creating more habitats for polyps), and introduction 
of non-native species (translocation via ballast water or ship hulls) (Canepa et al., 2013; Duarte et al., 
2013; Purcell et al., 2007; Richardson et al., 2009).  
 
There is concern among academics, managers and the general public (Canepa et al., 2013) that an 
increase in jellyfish bloom frequency will have a detrimental effect on a number of economic sectors, 
including but not limited to, fisheries and tourism. In many cases around the world, stranding events 
of jellyfish reduce the recreational appeal of beaches and bathing waters for beach users being 
detrimental for the local tourist industry (Purcell et al., 2007; Richardson et al., 2009). In this context, 
jellyfish outbreaks can be conceived of as an event that potentially diminish the benefit humans 
receive from marine and coastal ecosystem services (Daily, 2003; Hassan et al., 2005; Hattam et al., 
2015), particularly cultural services (e.g. tourism and recreation) (De Donno et al., 2014; Ghermandi 
et al., 2015; Kontogianni and Emmanouilides, 2014; Nunes et al., 2015; Palmieri et al., 2015) and 
provisioning services (e.g. seafood) (Angel et al., 2014; Conley and Sutherland, 2015; Graham et al., 
2003; Nastav et al., 2013; Palmieri et al., 2014).  
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Cultural and provisioning services valuation is already robustly backed up in theoretical and empirical 
terms, by a large number of case studies around the world (Brenner et al., 2010; de Groot et al., 2002; 
Farber et al., 2002; Heal, 2000).  There is a lack of studies regarding changes in the delivery of 
ecosystem services both in the presence and absence of jellyfish outbreaks though. Our work proposes 
to assess the impact of these changes, specifically on the tourism and seafood producing industries in 
Catalonia, under different future scenarios of jellyfish outbreaks, with models parameterized based on 
data corresponding to the past 15 years. 
 
In Catalonia, beach-based, sun-and-sand tourism and fisheries are the main uses of the coastal zone 
(Sardá et al., 2005). For instance,  tourism revenues are increasing and are currently around €14 
billion per year with around 16 million visitors (IDESCAT, 2010), with the majority resulting from 
“sun and beach” tourism (Ariza et al., 2008). Increasing jellyfish blooms result in beach strandings 
that may be visually unpleasing to beach users or actually detrimental to human health (Ghermandi et 
al., 2015). 
 
The contribution of fisheries to the coastal economic is much lower and declining, with a production 
value (at first sale) of ca. €110 million per year (IDESCAT, 2010). Jellyfish are thought to impact 
fisheries by feeding on fish larvae (Purcell et al., 2014, 1994; Purcell and Arai, 2001; Sabatés et al., 
2010) as well as competing with adults for food (Purcell and Arai, 2001; Purcell and Grover, 1990). 
Fisheries along the Catalan coast largely consist of semi-industrial and artisanal fleets with the main 
contributors to landings being the small pelagics sardine (Sardina pilchardus) and anchovy (Engraulis 
encrasicolus), which account for around 50% of total annual landings in weight and 25% in economic 
value (IDESCAT, 2010; Lleonart and Maynou, 2003; Palomera et al., 2007). 
 
This study proposes an integrated approach to the analysis of the impact of jellyfish blooms on the 
key sectors of tourism and fisheries. The modelling dimension of the Systems Approach Framework 
(Hopkins et al., 2011; Tomlinson et al., 2011) was undertaken in which the ecological and socio-
economic components are defined, modelled and linked together. Future possible scenarios were run 
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for various intensities of jellyfish blooms, and the impact that they would have on the local tourism 
and fisheries economy was estimated, in order to contribute to a partial evaluation of the consumer 
surplus of marine ecosystems free of abnormally high jellyfish outbreaks.  
 
2 Material and methods 
A model was constructed using the software ExtendSim. Various sub-models were constructed using 
different techniques and methodologies as outlined below. A simplified approximation of the overall 
model is shown in Figure 1, indicating how each sub-model is connected within it. Spatially, the 
model is divided into three zones representing approximately equal areas of the Catalan Sea. Each 
zone extends from the coastline to the shelf break - the area where most of the small-pelagic fishing 
activity and jellyfish occur. The zones cover the area heading south from Cap de Creus to the Ebro 
Delta and are named after the adjacent provinces: Girona; Barcelona; and Tarragona (Figure 2). Cap 
de Creus and Ebro Delta are not included in the study area due to the differing fisheries practiced 
there. In this study, we refer to all three zones together as “Catalonia” but it should be remembered 
that this does not include the entire administrative region of Catalonia. 
 
[Figure 1: Conceptual model] 
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[Figure 2: Location of the three study zones] 
 
 
The model examines the impact of one species of jellyfish, Pelagia noctiluca, because it is one of the 
most abundant in the study zone, has a powerful sting (affecting beach users), and is relatively well 
studied and documented (Canepa et al., 2014), particularly its predation effects on small pelagic 
larvae (Purcell et al., 2014; Sabatés et al., 2010). Although many other species of scyphomedusae 
have been found in the study zone, there is no evidence to suggest that they prey upon fish larvae and 
so have been excluded from the model.  
 
 
2.1 Fisheries sub-model 
The fisheries sub-model was based on a simplified and adapted version of the MEFISTO model. 
MEFISTO (MEditerranean FIsheries Simulation TOol) is an age-structured bio-economic model 
which is multi-species, multi-fleet, within a single predefined zone, where the central management 
lever is effort limitation. The MEFISTO model has been applied in various analyses including red 
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shrimp, hake, anchovy and sardine fisheries within the Mediterranean and is fully documented and 
available to download and use (Lleonart et al., 2003, 1998; Maynou et al., 2006). 
 
For this analysis, the model was adapted in order to capture the predation of jellyfish upon the small 
pelagics larvae. The MEFISTO model runs at a time-step of one year so all the forecasts of fish 
mortality, growth, biomass, catches and recruitment are aggregated over the year. Given that anchovy 
and sardine larvae only occur in the plankton at specific times of the year (summer and winter 
respectively), in order to ascertain the impact of Pelagia noctiluca predation upon these fisheries, the 
resolution of the model was increased to a time-step of one month, in order to capture this temporally 
specific interaction. The forecast was run for a period of 120 months (10 years). 
 
The MEFISTO model aggregates the fisheries dynamics over one spatial zone, but in order to capture 
the various degrees of jellyfish strandings upon different Catalan beaches, a greater spatial resolution 
was needed. Previous information has shown that the degree of jellyfish strandings can largely be 
divided into three zones, where the north of Catalonia (Girona) receives a high number of strandings, 
central Catalonia (Barcelona) receives low strandings, and south Catalonia (Tarragona) receives a 
medium level (Canepa et al., 2014). Therefore, the spatial resolution was adapted to reflect this, and 
three zones were used.  
 
Given that principal objective of the analysis is to capture the interaction of jellyfish with small 
pelagics and not the dynamics of resource allocation within the fisheries themselves, a number of the 
MEFISTO model elements were simplified: Effort and catchability were fixed; there were no 
bycatches or discards; all stochastic elements were removed; the market and fishermen components 
(described as “boxes” in (Lleonart et al., 2003)) were left static (i.e. fish prices are fixed and there is 
no reinvestment in vessels or bank loans). 
 
The majority of the equations for the biological sub-model are typical to all age-structured models and 
have been fully documented elsewhere so they are not reproduced here (Lleonart et al., 2003, 1998). 
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An exception to this is the recruitment sub-model. In MEFISTO and other age-structured models, 
recruits are generally calculated by using one of three equations: constant recruitment, Beverton and 
Holt’s model; or Ricker’s model. This calculates the number of recruits to the following year’s cohort 
at age 0. For our analysis, this is not sufficient because we want to analyze the impact of Pelagia 
noctiluca when it preys upon the larvae of the small pelagics. In our age-structured model, the fish are 
assumed to be larvae only during their “Age 0” time-step (i.e. for the first month of their life 
(Palomera et al., 2007)), after which they become classed as “juveniles”. After 6 months or older, they 
then become susceptible to fishing mortality. Incorporation of larvae to fish population is therefore 
calculated using the fecundity rate of anchovy (Mantzouni et al., 2007) and sardine (Froese and Pauly, 
2014) for a given age (in years), multiplied by a monthly spawning factor. The monthly spawning 
factor elicited from previous studies (García and Palomera, 1996; Olivar et al., 2003; Palomera, 1992) 
ensures that each species only spawns in the relevant months (winter for sardine, summer for 
anchovy). This function of larvae recruitment to the environment was then adjusted to data specific to 
the study zone (García and Palomera, 1996; Martín et al., 2008; Olivar et al., 2003; Palomera, 1992; 
Sabatés et al., 2013, 2007). 
 
Fish growth parameters were calculated as an average from 2002-2009 for the Northern Spain 
geographical sub-area (GSA06) (Cardinale et al., 2010). Maturity, natural mortality and fishing 
mortality rates (also for GSA06) were extrapolated from an annual to monthly value (Cardinale et al., 
2010) with the following exceptions: There is zero fishing mortality for the first six months for both 
anchovy and sardine; and the natural mortality of larvae (Age 0) was taken from the literature 
(Mantzouni et al., 2007; Palomera and Lleonart, 1989; Pertierra et al., 1997; Romanelli et al., 2002). 
Initial population levels for each species for each zone were calculated from extracting landings data 
for each zone (IDESCAT, 2010) from the entire GSA06 (Cardinale et al., 2010) for 2002-2009. Fleet, 
vessel and market parameters were taken for 2010 and specific to each zone (Anderson and Carvalho, 
2013; Cardinale et al., 2010). 
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2.2 Pelagia noctiluca sub-model 
In order to model the dynamics of Pelagia noctiluca, a matrix population model was constructed 
using the inverse method for time series and the parameters were estimated using multiple regression 
(Caswell, 2006). Previous attempts to construct Pelagia noctiluca matrix population models were 
based on size classes, rather than age classes, using a modified Leslie matrix and a time series for data 
from the Adriatic Sea (Malej and Malej Jr., 2004; Malej and Malej, 1992), with a time-step of one 
month. Their matrix model consisted of five size classes, the smallest of which was for both ephyra 
and early development stages (including the egg / planula larvae stage). For our analysis, it was 
necessary to separate between ephyra and other stages as this is the predominant stage which feeds on 
fish larvae, so a different matrix was constructed using four classes as shown graphically in Figure 3, 
and mathematically in Figure 4. 
 
[Figure 3: Graphical presentation of the Pelagia noctiluca matrix population model] 
 
 
[Figure 4: Projection Matrix of the Pelagia noctiluca matrix population model] 
M          x nt     =     nt+1 
[
𝐿1 0 0 𝑅4
𝐺1 𝐿2 0 0
0 𝐺2 𝐿3 0
0 0 𝐺3 𝐿4
]    [
𝑛1𝑡
𝑛2𝑡
𝑛3𝑡
𝑛4𝑡
]    [
𝑛1𝑡+1
𝑛2𝑡+1
𝑛3𝑡+1
𝑛4𝑡+1
] 
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Construction of matrix population models using time series is data intensive, requiring size-frequency 
distributions throughout (at least) a year. This high resolution data does not exist for the study zone so 
data was sought from an area with similar conditions. Size frequency distributions data were taken 
from a study from the Straits of Messina (Central Mediterranean) collected monthly from January 
2008 until August 2011 (Rosa et al., 2013), and the matrix was constructed using least squares 
regression to estimate all the parameters except for reproduction (R4 in Figure 4) as described by 
Caswell (2006). Pelagia noctiluca can reproduce throughout the year, producing oocytes in different 
development stages with peaks in spring and autumn (Rottini-Sandrini and Avian, 1991), although 
gonad maturation and spawning generally occur during the winter and spring (Malej and Malej Jr., 
2004). In our model, the eggs/planulae class is a dummy variable class, and should not be considered 
as the actual population of either eggs or planulae. It is used as a placeholder between the mature 
adults and ephyrae. So for our model, reproduction (R4) of class 4 (n4) to class 1 (n1) occurs only 
during the winter season, from October until January. These temporal distinctions were reflected by 
alternating matrices depending on the month. R4 was calculated using an optimization algorithm to 
create a stable cyclical dynamic population. The final population matrices are shown in Figure 5. 
 
[Figure 5: Projection Matrix with parameters] 
February – September:  [
0.350 0 0 0
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
 
October – January:  [
0.350 0 0 2436
0.298 0.650 0 0
0 0.003 0.201 0
0 0 0.498 0.418
] 
 
The model simulation begins in January when there is a lack of Pelagia noctiluca population data in 
the study zone. Therefore in order to initialize the population of the jellyfish matrix, values were 
chosen for class 1 (dummy) and class 2 (ephyrae) that would reproduce values approximately 
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equivalent to the available data in June-July for classes 2 (ephyrae), 3 (immature adults) and 4 (mature 
adults), for each of the study zones (Sabatés et al., 2010). 
 
There have long been strong fluctuations in the inter-annual population of Pelagia noctiluca in the 
Western Mediterranean (Bernard et al., 2011; Brotz and Pauly, 2012; Goy et al., 1989) which are 
notoriously difficult to predict (Brotz and Pauly, 2012; Rosa et al., 2013). Given the uncertainties 
involved in the underlying causes of these fluctuations, the model produces a “background” level of 
Pelagia noctiluca, which is based on the minimum populations that usually occur. The model user has 
the capability to create proliferation events or blooms as a specific event for a given time and given 
magnitude. This would allow the model to run various scenarios based on blooms with various 
frequencies and magnitudes, and examine the effect this would have on fisheries and tourism.  
 
Dietary analysis of P. noctiluca ephyrae collected in the shelf-slope region of the Catalan Sea in June, 
when both the abundance of anchovy larvae and P. noctiluca is high revealed that from 4400 ephyrae 
examined there were 26 incidences of recently consumed fish larvae representing up to 12% of the 
total prey captured by young jellyfish (Sabatés et al., 2010). Given a 3 hour larval digestion time 
(Purcell et al., 2014) and taking into account that the highest level of predation on fish larvae takes 
place during the night (Sabatés et al., 2010), a period of 12 hours per day was considered for 
calculations. This equates to a feeding rate of P. noctiluca on fish larvae of 0.709 per month. 38% of 
the fish larvae consumed were Engraulis encrasicolus, so a best estimate (used in the model) of the 
consumption rate of anchovy larvae by an individual P. noctiluca ephyra per month is 0.269. There is 
no data available regarding the predation rate of P. noctiluca (or other jellyfish) on sardine. 
 
 
2.3 Stranding model 
The arrival of jellyfish to the coastal beaches of Catalonia is a complex process which depends on 
many factors including the offshore production of blooms typically caused by mild winters, low 
rainfall and high temperatures. Oceanographic structures such as fronts can reduce the likelihood of 
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jellyfish arriving to the beaches, but when they are weakened, southeast winds can force the jellyfish 
towards the coast and become present in the bathing waters and strand on the beaches (Canepa et al., 
2014). The prediction of such events is therefore complex given the multiple factors that can influence 
such conditions. 
 
The timestep of the model is monthly which is unable to capture the sporadic daily conditions that 
influence the weakening of the front and necessary wind forcing which could improve prediction of 
strandings. Therefore it was decided that an overall estimate of strandings should be based on a 
comparison of historic stranding events compared to jellyfish population in the coastal waters. A more 
robust model should include the possibility of including the previously mentioned meteorological 
factors but there is currently insufficient data available.  
 
Data for strandings of Pelagia noctiluca was made available by a cooperation between the Marine 
Science Institute (CSIC), Barcelona and the regional water authority (Agència Catalana de l’Aigua) 
for the years 2007-2010 during the summer months (May to September). Girona has the most number 
of stranding events, with the majority occurring (in all zones) in June. A “stranding event” is defined 
as where one of the beaches within the zone has at least one stranding. This data was compared with 
the expected number of P. noctiluca adults (immature and mature) within the coastal water to create 
an average stranding rate per month, averaged over all zones.  
 
There are three types of stranding events depending on the density of the jellyfish. “Type 1” has less 
than ten individuals per beach. “Type 2” has between 10 individuals per beach and less than 1 
individual m
-2, and “Type 3” has a density greater than 1 m-2 (Canepa et al., 2014).  
 
Research undertaken by Nunes et al. (2015) was used to assess the impact of jellyfish strandings on 
beach users in Catalonia. They used a stated-choice questionnaire and a Random Utility Model to 
estimate the quantified tourism losses caused by the presence of jellyfish at the beach. During the 
summer of 2012, 644 questionnaires were completed by beach users in eight Catalan beaches to elicit 
 227 
 
preferences regarding the following attributes of a given beach: (1) risk of presence of jellyfish, (2) 
beach water quality, (3) infrastructure and amenities, (4) additional travel time to reach the beach 
being considered (Nunes et al., 2015). Nunes et al. (2015) calculated the consumptive value of travel 
time using a random parameters model as approximately 25 minutes. Respondents were found to be 
willing to travel an additional 3.81 minutes more per trip to go to a beach with a jellyfish presence of 
less than two days a week rather than one with more than five days a week (the 95% confidence 
interval is between 2.066 and 5.553 minutes). Taking into account only the subsample of those that 
made a trade-off between various beach attributes (approximately 50% of respondents), and given the 
average household income per hour was €19.23 for 2012, individuals are willing to pay on average 
€3.20 to visit a beach with lower risk of jellyfish presence (Nunes et al., 2015). 
 
 
2.4 Input-Output model 
Increases in P. noctiluca blooms have a direct economic impact on both fisheries and tourism. 
However there will also be indirect economic impacts on the wider regional economy through inter-
industry relationships which can be calculated using input-output matrix analysis. This is a standard 
econometric technique which uses certain assumptions to define a matrix of inter-industry 
transactions and calculate the quantity purchased by a given industry from all other industries 
(Common and Stagl, 2005; Perman et al., 2011), and is published by most developed countries as part 
of their national accounts. Although there exists a range of possible methodologies to measure the 
economic impact of a specific industry on the whole economy (simplistic economic models, complex 
general equilibrium models), an input-output analysis is computationally less complicated once the 
data has been collected and the tables have been constructed (Nastav et al., 2013). The input-output 
matrix is an accurate reflection of the year in which it was produced, and therefore any predictions 
using the multipliers are relevant only for the short term. 
 
Input-output tables with 65 branches (or sectors), the (type I) inverse matrix and multipliers for 
Catalonia in 2005 published by the Institute of Statistics of Catalonia  (IDESCAT, 2010) were used 
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for this analysis, which used the methodological standard set by the System of National Accounts (EC 
et al., 2009). According to their analysis, the “Production value” of fisheries for Catalonia is 1.348 
which means for every 1 euro change in revenue, there will be a change in related industries of 
€1.348. The “Employment value” is 19.07 which means for a change in revenues of a million euros, 
employment would change by 19.07 people. “Production values” for tourism related sectors are 
higher (1.51 for hotels and other accommodation; 1.48 for restaurants), but have a lower 
“Employment value” (16.54 for hotels and other accommodation; 13.92 for restaurants) than for 
fisheries. This means that for a given change in revenues for fisheries, the same change in revenues 
for sectors related to tourism (hotels and restaurants) will have a greater effect on the regional GDP, 
but will have less of an effect on regional employment. 
 
 
3 Results 
Three ten-year forecast scenarios were run for varying levels of P. noctiluca blooms as shown in 
Figure 6. The “No blooms” scenario is the minimum level of P. noctiluca that will always be present 
in the coastal waters. The “Expected blooms” scenario is based on historical jellyfish observations 
from 2000-2010. 
 
[Figure 6: Concentration of P. noctiluca in Catalonia for various scenarios] 
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The maximum observed value from this ten-year historic data set was then applied every year as 
shown in the “Frequent blooms” scenario. The blooms are applied equally over each study zone. It 
should be noted that both immature and mature P. noctiluca both contribute towards strandings, 
negatively affecting the recreational appeal of the beaches, whereas ephyrae do not. 
 
 
3.1 Fisheries 
Figure 7 shows the effect on anchovy catches over the 10 year forecast period under the three scenario 
conditions. As expected, increases in P. noctiluca blooms causes a reduction in catches. Comparing 
the Expected blooms scenario to the No Blooms scenario reveals there could be up to a 5.1 % increase 
in catches per year for Catalonia if there were fewer years with blooms. Conversely, an increase in 
blooms (under the Frequent blooms scenario) could decrease the catches by 2.6 % per year (Table 1). 
It can also be seen that this trend would continue to increase if a given scenario continued beyond the 
ten year forecast period, as indicated by comparing the average change over ten years with just the 
final year of the forecast period. The Barcelona zone appears to be the most influenced by changes in 
P. noctiluca blooms although the difference is minimal. 
 
[Figure 7: Monthly catches of anchovy for Catalonia] 
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[Table 1: Change in yearly anchovy catches (T), comparing Expected blooms to other scenarios] 
     No blooms Frequent blooms 
  10 year average Last year 10 year average Last year 
Tarragona 71 (4.2 %) 147 (8.8 %) -35 (-2.1 %) -80 (-4.8 %) 
Barcelona 84 (5.7 %) 172 (12.2 %) -42 (-2.9 %) -94 (-6.7 %) 
Girona 140 (5.3 %) 287 (11.3 %) -70 (-2.7 %) -157 (-6.2 %) 
Catalonia 
(Total) 294 (5.1 %) 608 (10.8 %) -147 (-2.6 %) - 332 (-5.6 %) 
 
 
Given the lack of data regarding the predation of P. noctiluca upon sardine larvae, the model produces 
no difference in the landing totals for sardine under the three scenarios. The impact that changes in 
anchovy landings have upon the small pelagic fisheries profits is shown in Figure 8. A comparison of 
Expected blooms and No blooms shows that profits could increase by 4.5% per year given fewer P. 
noctiluca blooms. Under the Frequent blooms scenario, there could be a loss in profits of around 2.3 
% per year. 
 
[Figure 8: Yearly profits of small pelagic fisheries for Catalonia] 
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3.2 Jellyfish stranding events 
Table 2 shows a summary of the average yearly P. noctiluca stranding events for a 10 year forecast 
period. As expected, higher occurrences of blooms results in an increase in frequency and density of 
stranding events. There is a 49% decrease of stranding events for Catalonia comparing the Expected 
blooms scenario to the No blooms scenario. Conversely, there is a 33% increase in stranding events 
when the blooms increase from the Expected blooms to Frequent blooms scenario. 
 
[Table 2: Average stranding events per year of P. noctiluca for each scenario over 10 year forecast 
period]  
 
 
Despite the potential increases in P. noctiluca stranding events, they still do not meet the threshold in 
which beach users would choose to travel further to avoid the stranded jellyfish. Nunes et al. (2015) 
conclude that beach users are willing to each pay €3.20 more per visit to travel from a beach which 
has more than five stranding events per week to one which has just one or two events. The maximum 
number of stranding events per month is 55 in the Girona zone in June during the Frequent blooms 
scenario. Given that there are 71 beaches in this zone, this averages less than 0.2 stranding events per 
beach per week, far from the threshold which would induce beach users to avoid such a beach. 
Therefore according to these results, the impact of P. noctiluca stranding events on tourism under all 
scenarios is zero. 
 
  
Type 1 Type 2 Type 3 Type 1 Type 2 Type 3 Type 1 Type 2 Type 3
Zone
< 10 per 
beach
< 1 m-2 > 1 m-2
< 10 per 
beach
< 1 m-2 > 1 m-2
< 10 per 
beach
< 1 m-2 > 1 m-2
Tarragona 24 3 1 47 6 2 63 8 3
Barcelona 29 4 1 57 7 3 75 9 4
Girona 48 6 2 95 12 5 125 16 6
Catalonia 102 13 5 199 25 10 263 33 13
No blooms Expected blooms Frequent blooms
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3.3 Regional economy – Gross domestic product (GDP) and employment 
Changes in revenues, whether it is in tourism, fisheries or any other industry will have a knock-on 
effect on other sectors whereby more or less demand is created for goods or services for that industry. 
The overall effect on the regional economy of the various scenarios for changes in the small-pelagic 
fisheries revenues is shown in Table 3. Given that the threshold for P. noctiluca strandings is not 
reached, the overall impact on tourism and the regional economy is zero and not included in this table. 
When compared to the Expected blooms scenario, the impact of changes in blooms to the regional 
economy is relatively insignificant when compared to the regional GDP and employment.  
 
[Table 3: Changes to regional economy with comparison to regional economy] 
 
 
4. Discussion 
Before discussing the overall impact of changes in Pelagia noctiluca blooms on fisheries, tourism and 
the regional economy in Catalonia, we should acknowledge the limitations in both the scarcity of 
available data and knowledge as well as the drawbacks to the modelling methodology used. 
 
The predation rate used in the model of P. noctiluca on anchovy was taken from a research cruise 
conducted in June 1995 and examined only ephyrae and not adults (Sabatés et al., 2010), while there 
is no information on predation for sardine. Previous studies suggest that P. noctiluca is an 
opportunistic non-selective predator that prey on what it encounters rather than actively hunt target 
Scenario
Average yearly 
revenue (10 year 
forecast period) (€)
Change in 
revenue* (€)
Change in regional 
employment* 
(individuals)
Expected 
blooms
20,674,929 - -
475,848 12
(102%*) (0.3% fishing sector)
-238,552 -6
(99%*) (-0.1% fishing sector)
Frequent 
blooms
20,436,377
-321,568
(<0.001% of reg. GDP)
2010 GDP of regional economy €143,000 million.
2010 Employment in fishing sector is 4183
*compared to “Expected blooms”
-
641,444
No blooms 21,150,777
(<0.001% of reg. GDP)
Change in regional 
economy* (€)
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species (Malej, 1989). A problem of large aggregated zones such as those used in the model, limit the 
ability to predict the consequences when dense quantities of predator and prey coincide temporally 
and spatially. Other studies have suggested that the effects could be greater than the results of our 
model (Purcell et al., 2014). Given that P. noctiluca may prey on larvae of different fish species, not 
only anchovy larvae, an exploratory scenario was run where the same predation rate for anchovy was 
used for sardine. However, within the model, this decimates the sardine population within a few years 
so clearly the predation rate has to be less. This could be due to a number of factors such as greater 
availability of other planktonic prey, or that they do not coincide spatially. It is important to note that 
sardine larvae are found in the plankton in winter, when the abundance of P. noctiluca is much lower 
than in summer but that of other planktonic organisms, such as copepods, is higher (Fernández de 
Puelles et al., 2007).  
 
There are many physical, physicochemical, biological and climatic forcings which influence changes 
in population and migration of P. noctiluca (Canepa et al., 2014) which are omitted from this model 
due to incomplete data and knowledge. Once these data gaps have been completed and these 
interactions better understood they can be incorporated into this model, until then there have been 
many simplifications. The initial population value within the jellyfish population matrix dictates the 
population for its following growth, death and reproduction cycle, therefore it is crucial that an 
accurate value is used. However, given that the sampled populations of P. noctiluca vary by many 
orders of magnitude, it is difficult to estimate an average value for a given time and zone. The various 
bloom scenarios (based on all species of jellyfish sightings) try to capture some of this uncertainty 
where sightings change by up to a factor of five year-on-year, however these changes are small when 
compared to the variance in initial conditions which is based on recorded samples. Due to a scarcity 
of data, modelled blooms occur proportionally equally to each zone, however it is likely that this is 
not the real situation. Further data could improve this simplification. Although the model permits 
migration of jellyfish from one zone to another and is thought to occur, the data is limited and 
therefore omitted from the current scenario analysis. 
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As previously described, the jellyfish stranding model is based on historic aggregated data and cannot 
model the complex factors involved in accurately predicting such events at the required temporal and 
spatial resolution. As knowledge further develops towards understanding these processes, this sub-
model should be updated to include and improve upon its predictive capacity. The effect of strandings 
on beach users is based on a stated-choice experiment to elicit the willingness to pay to avoid beaches 
with jellyfish (Nunes et al., 2015). Within the study, the alternative option is to travel to another 
nearby beach (without jellyfish) and calculate the costs involved. Although the costs to the beach and 
nearby businesses would be negative, the overall change to the regional economy would be zero.  A 
currently unexplored scenario with potentially greater negative impact to the Catalan economy would 
be if the jellyfish strandings problem became such a continual problem that beach users chose to visit 
or stay in other regions or countries. The few studies which have directly investigated public 
perception conclude that providing information to beach users could increase acceptance of jellyfish 
in the bathing waters (Baumann and Schernewski, 2012; Vandendriessche et al., 2013). 
 
Given these caveats, the results of the various scenarios show that P. noctiluca has a low impact on 
small pelagic fisheries, tourism and the regional economy in Catalonia. The standard deviation of 
recorded year-to-year anchovy landings (1329 tonnes over the last 5 years) is larger than the standard 
deviation of the most contrasting modelled scenarios (311 tonnes when comparing No blooms to 
Frequent blooms). 
 
As previously described, the effect of the strandings on the tourists is zero within our analysis but this 
is partly a result of the aggregated spatial dimension of the model. The model cannot determine if the 
strandings occur in specific beaches in a given zone. If this were the case, then the number of 
stranding events could be sufficient to influence a beach user’s decision to visit another beach with 
fewer jellyfish. It should also be remembered that this study models the stranding of P. noctiluca. It is 
possible that P. noctiluca will strand with other species of jellyfish and reach the threshold in which 
the beach users choose to visit a different beach.  
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The impact on the regional economy is limited with just a small effect on the fisheries industry. The 
much larger tourism industry has the potential to more severely affect the regional economy given its 
relative size compared to fisheries as well as its potential effect on dependent industries (i.e a larger 
production value from the input-output matrix). 
 
Our model could be seen as a contribution to the partial evaluation of the user’s surplus of marine 
ecosystems free of jellyfish outbreaks. Users (local fishers / tourists) would benefit to some extent 
from good ecosystem health, because even if the global estimated relative impact is low, in absolute 
terms the impact is estimated at a maximum of €1 million (the difference between the No blooms and 
Frequent blooms scenarios). This amount would not justify public investment on information and 
mitigation campaigns to partially offset the welfare losses from abnormally high jellyfish outbreaks. 
Despite these results, it should be remembered that this study only reflects the impact of just one 
species of jellyfish in an area where there exist 12 species of scyphomedusae (Canepa et al., 2014). 
Many studies suggest that the occurrence of jellyfish blooms is increasing for many species, therefore 
the combined effect with other jellyfish on predation of small pelagics, beach stranding events and the 
effect on beach users would have a greater impact than the various scenario results presented here 
(Nunes et al., 2015). 
 
There are relatively few studies which try to quantify the economic impact of jellyfish on socio-
economic systems (Ghermandi et al., 2015; Nastav et al., 2013; Palmieri et al., 2014). Nunes et al. 
(2015) estimate that beach users are willing to pay an additional €3.20 per trip to visit beaches with 
fewer jellyfish which is equivalent to €423 million/year for the whole of the Catalonia. Ghermandi et 
al. (2015) estimate that there could be an annual loss of €1.8-6.2 million due to fewer seaside visits 
caused by jellyfish outbreaks in Israel. Kontogianni & Emmanouilides (2014) estimate that 
households in the Gulf of Lion are willing-to-pay on average €66 (single payment) to reduce expected 
jellyfish outbreaks from 9 years per decade to 1 year per decade. In a survey completed by fishers in 
Oregon, it was estimated that the economic impact to salmon and pink shrimp fishers was over $650 
000 in 2012 (Conley and Sutherland, 2015). Clogging of shrimp nets in Louisiana by jellyfish was 
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estimated to have cost millions of dollars in economic losses (Graham et al., 2003). Nastav et al. 
(2013) conclude that jellyfish presence had an impact on Slovenian fisheries, reducing catches, 
income and employment but do not quantify the losses. Nastav et al. (2013) also conclude that, 
similarly to this study,  the effect on the regional economy was low. 
 
The potential for welfare losses caused by jellyfish outbreaks are clearly large, but difficult to directly 
measure. Revealed preference methods have begun to quantify these risks, but further research is 
needed to ascertain the full economic impact of jellyfish blooms. To our knowledge, this is the first 
study which attempts to quantify the economic impact of jellyfish on both fisheries (predation of fish 
larvae) and the tourism industry (strandings), as well as the wider effects on the regional economy. 
The methodology can be applied to other jellyfish species (in Catalonia) to improve the results for this 
study zone as well as be applied to other regions or countries. Our minimum realistic model can be 
complemented with other less-well documented effects that have also an impact on welfare losses 
from jellyfish outbreaks, such as clogging cooling water intake pipes of power plants and desalination 
plants, clogging fishing nets or impairing fish production in fish farms (Conley and Sutherland, 2015; 
Ghermandi et al., 2015; Graham et al., 2003). 
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